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Abstract 
 Being a prime example of a [3,3]-sigmatropic process, the Claisen rearrangement is an 
essential reaction at the core of modern organic chemistry. Its undisputed value is derived not only 
from its reliable and predictable application to the synthesis of complex molecules but, also, in 
being a reaction of longstanding interest in the field of computational organic chemistry, 
contributing to our theoretical understanding of pericyclic reactions. A long-standing shortcoming 
of the Claisen rearrangement is that while allyl-vinyl and allyl-phenyl ethers are viable substrates 
for the reaction, applications to benzyl-vinyl ethers have rarely been reported. To date, a very 
limited number of benzylic substrates have been investigated, with the few successful reactions 
typically requiring harsh conditions.  
Herein, we report the optimisation of a procedure for Claisen rearrangements of benzyl-
vinyl ethers (referred to here as the “Benzyl-Claisen” rearrangement) based on a previous literature 
procedure and, for the first time, investigate the scope of such a process. Benzyl ketene acetals were 
generated in a short two-step procedure by bromoacetalisation of the requisite benzyl alcohol 
followed by elimination of HBr. Heating the ketene acetals in refluxing DMF smoothly converted 
the substrates to the product tolylacetates, which were saponified and isolated as their carboxylic 
acid derivatives. In the course of the reaction optimisation, a pronounced solvent effect was 
observed: DMF led to the [3,3]-rearranged product, whereas conducting the reaction in xylene led 
to a mixture of radical dissociation-recombination products. Electron-donating and electron-neutral 
substituents (–Me, –Ph, –Cl, –Br, –OMe and –SMe) gave the highest yields in the Benzyl-Claisen 
rearrangement (24–50%) whereas substrates derived from electron-poor aromatic systems (–NO2, –
CN, –COOBn, –SO2Me or –CF3) tended to decompose under the reaction conditions. Claisen 
rearrangements conducted on meta-substituted systems were observed, unexpectedly, to 
preferentially generate products via rearrangement “towards” the meta substituent, leading to 
sterically crowded 1,2,3-trisubstituted tolylacetates.  
By analogy to the aromatic Claisen rearrangement, it was expected that the Benzyl-Claisen 
rearrangement should proceed through a dearomatised isotoluene intermediate. A benzyl ketene 
acetal possessing a terminal alkene was observed to form a ring-closed product via a facile Alder-
ene reaction when submitted to the standard reaction conditions. This supports the formation of a 
dearomatised isotoluene intermediate along the reaction pathway and therefore the operation of the 
[3,3]-sigmatropic rearrangement. 
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The mechanism of the Benzyl-Claisen rearrangement was investigated using computational 
methods. The activation free energy for rearrangement of benzyl vinyl ether calculated with the 
high-accuracy CBS-QB3 method was 40.1 kcal/mol, which is 10.2 kcal/mol higher than that of the 
aliphatic Claisen rearrangement of allyl vinyl ether at the same level of theory. The C-2 alkoxy 
substituent on the ketene acetal was shown to be essential in making the process both 
thermodynamically and kinetically favourable, lowering the barrier by 10.2 kcal/mol and stabilising 
the intermediate isotoluene by 18.0 kcal/mol. As a general rule, substitution of the aromatic systems 
with an electron-donor group was calculated to lower the barrier for the reaction whilst electron-
withdrawing substituents were calculated to raise it. The para-OMe substituent was calculated to 
lower the activation free energy by 1.4 kcal/mol whereas the para-CN substituent raised the barrier 
by 0.9 kcal/mol. The regiochemical preference for rearrangement “towards” existing meta-
substituents was confirmed in silico with 1,2,3-substituted product being favoured by 0.7 kcal/mol 
for the cyano substituent and 0.6 kcal/mol for the methoxy substituent. The results were rationalised 
as being due to the interaction of the frontier molecular orbitals of the system, with the preferred 
site on the aromatic ring possessing larger orbital coefficients. The computational results support 
the operation of a [3,3]-sigmatropic process and provide direction for the further development of the 
Benzyl-Claisen rearrangement. 
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1 Chapter 1 – The Claisen Rearrangement 
 While synthetic organic chemistry is undoubtedly concerned with the production of valuable 
molecules, certain reactions over the course of history have not only fulfilled a preparative role but 
also illuminated our understanding of mechanistic theory in ways that have enriched the wider field 
of chemistry. The Claisen rearrangement is one of these enlightening reactions. 
Discovered in 1912 by Ludwig Claisen,
1
 the aliphatic variant describes the conversion of 
vinyl allyl ethers 1 into γ-unsaturated carbonyl compounds 2 (Scheme 1.1). Alternatively, the 
aromatic Claisen rearrangement refers to the transformation of phenyl allyl ethers 3 to allyl phenols 
5. It is commonly asserted that the reaction occurs by way of a concerted, thermal [3,3]-sigmatropic 
shift
2
 in which a sigma bond is translated from the “1” to the “3” position across a pair of 
fragments. This mechanism, which falls under the umbrella of pericyclic reactions, was quite unlike 
any process known in the early twentieth century (as it involves no nucleophilic or electrophilic 
components). Due to its utility and wide substrate applicability, the Claisen rearrangement has 
become a frequently used transformation, especially in the context of natural product synthesis.
2-3
 
 
Scheme 1.1: The aliphatic and aromatic Claisen rearrangements.
2
 
 Owing to the Claisen rearrangement’s profound impact on synthetic organic chemistry, 
numerous surveys of the literature have been published, including review articles by Ziegler
3b
 and 
Martin-Castro
2
 as well as the book, “The Claisen rearrangement: Methods and Applications” edited 
by Hiersemann and Nubbemeyer.
3c
 Background information which contributes to understanding of 
the current investigation will be described below. 
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1.1 The Aliphatic Claisen Rearrangement 
1.1.1 Experimental Conditions 
 For aliphatic Claisen rearrangements, typical reaction conditions involve heating the 
substrate allyl vinyl ether, usually to 150-200 
o
C.
2,3b,3c
 Reaction times usually vary from hours to 
days. The process may be conducted neat or in a high-boiling point solvent (such as decalin, xylene 
or DMF). The overall course of the reaction is broadly insensitive to solvent polarity, though rate 
enhancements are observed in more polar solvents (especially hydrogen bonding solvents, see 
Section 1.1.4. Solvent Effects). Alternatively, higher temperatures and pressures (and therefore 
shorter reaction times) may be achieved with the aid of a sealed tube reactor or microwave heating. 
1.1.2 Scope and Limitations 
As a consequence of the requirement for orbital overlap between the ends of the reacting π-
systems, the Claisen rearrangement necessarily proceeds through a six-membered cyclic transition 
state which may assume either a “chair” TS-1-chair or “boat” TS-1-boat conformation (Figure 
1.1).
2
 Of these, the chair geometry is usually preferred on the basis of a minimisation of steric 
interactions, however, the boat transition state may become dominant under certain conditions (for 
instance, when the system is embedded within a rigid cyclic structure).
4
 The well-defined transition 
state permits efficient control of the relative and absolute configuration of the product by judicious 
selection of a chiral starting material, as stereochemical information can be reliably transferred 
(Scheme 1.2). This is especially useful when considering that the configuration at C-4 can be used 
to set the absolute configurations of centres C-1 and C-6 in the product (termed self-immolative 1,3 
or 1,4 chirality transfer, see Scheme 1.2, 10 and 11).
3c
 
 
Figure 1.1: Chair and boat transition state geometries of the Claisen rearrangement. 
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Scheme 1.2: Stereochemical consequences of substrate configuration on product stereochemistry 
via the chair transition state of the Claisen rearrangement. Note 7 and 9 are relative configurations 
while 10 and 11 are absolute. 
Due to the reaction’s intramolecular nature, the Claisen rearrangement is efficient at forging 
bonds which would be difficult to form otherwise, the most important being highly congested 
tertiary and quaternary centres. An example of this is presented by Buchwald,
5
 in which the 
multiply substituted allyl vinyl ether 12 is transformed to the ketone 13 containing two adjacent 
quaternary carbons with 87:13 dr (Scheme 1.3). 
 
Scheme 1.3: Buchwald’s formation of vicinal quaternary stereocentres by the Claisen 
rearrangement of highly-substituted vinyl ether 12.
5
 
Despite the Claisen rearrangement’s synthetic power, the reaction does possess a number of 
limitations. As already stated, the process typically requires elevated temperatures and long reaction 
times in order to ensure complete conversion. This is not always compatible with sensitive 
functional groups present in complex molecules. Furthermore, specialised apparatus used to 
accelerate the reaction (sealed tubes, microwave reactors) are not always available. A disadvantage 
4 
 
particularly associated with the aliphatic Claisen rearrangement is the difficulty with which the 
vinyl allyl ether 1 starting materials are synthesised. Classically, simple vinyl allyl ethers have been 
generated by mercury-catalysed transvinylation which utilises highly toxic mercury salts.
6
 The 
difficulty has been somewhat mitigated in recent years with the development of iridium
7
 and 
palladium
8
 catalysed transvinylation of allylic alcohols 14, as well as copper-catalysed cross 
coupling of vinyl iodides
5
 18 (Ullman-type coupling) or vinyl boronates
9
 16 with allylic alcohols 14 
(see Scheme 1.4). These negative aspects of the aliphatic Claisen rearrangement, however, did 
stimulate the search for alternative reaction conditions (see Section 1.1.5, Named Variants) 
 
Scheme 1.4: Modern syntheses of vinyl ethers 1. 
1.1.3 Substituent Effects  
With the addition of the Claisen rearrangement to the repertoire of synthetic organic 
chemistry, it was observed that certain substituents accelerated this otherwise sluggish reaction. 
Burrows and Carpenter
10
 were the first to conduct a systematic investigation of substituent effects, 
measuring the rate of reaction for all regioisomers of cyano-substituted allyl vinyl ethers. It was 
found that the rate varied greatly depending on the position of the nitrile group. Substitution at C-2, 
C-4 and C-5 (see Scheme 1.5 for numbering) were observed to accelerate the reaction (with the C-4 
derivative rearranging 270 times faster than the parent system), while substitution at C-1 and C-6 
retarded the rate. Curran
11
 later expanded upon this by measuring rates of reaction for the 
complimentary methoxy-substituted systems. It was demonstrated that C-4 and C-6 derivatives 
rearranged faster while the C-5 derivative was slower. Finally, Ireland,
12
 in the course of 
investigating the Claisen rearrangement bearing his name (see section 1.1.5.3, Ireland–Claisen 
Variant), showed that allyl vinyl ethers bearing a C-2 siloxy substituent rearranged over a million 
times faster than the unsubstituted parent system. This dramatic rate acceleration is applicable to all 
C-2 π-donors (including carbanions13), though oxygen is the most prevalent example. 
5 
 
 
Scheme 1.5: Effects of substitution on rate of the Claisen rearrangement, relative to the 
unsubstituted parent allyl vinyl ether 1. Adapted from Houk,
14
 Burrows and Carpenter,
10a
 Curran
11
 
and Ireland.
12
 
1.1.4 Solvent Effects 
The Claisen rearrangement is observed to undergo accelerated reaction in polar media. 
White, et al. first indicated that polar solvents (and especially hydrogen-bonding solvents) 
significantly accelerated the aromatic Claisen rearrangement of p-tolyl allyl ether, reporting that 
reactions occurred 100 times faster in 28.5% ethanol-water and 300 times faster in chlorophenol, 
relative to the gas phase.
15
 These results were corroborated by Gajewski, et al. for the aliphatic 
Claisen rearrangement of analogous substrates 19a and 19b (see Scheme 1.6).
16
 Water was found to 
accelerate the reaction to the greatest degree for the soluble 19a, with a 200-fold rate enhancement 
in water relative to the related ester 19b in cyclohexane. The conclusions drawn from these 
pioneering studies were that a) in order to be accelerated in polar solvent, the substrate must 
become more polarised on moving to the transition state (though not to the extent of complete 
charge separation given the magnitude of the rate-enhancements) and b) hydrogen-bonding solvents 
are uniquely effective at facilitating the Claisen rearrangement compared to polar aprotic and non-
polar solvents.  
 
Scheme 1.6: Accelerating effect of polar, protic solvents on the Claisen rearrangement of 19. 
Values in parentheses are absolute rate constants (k × 10
-5
 s
-1
) investigated by Gajewski, et al.
16a
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While the accelerating effect of polar, protic solvents on the rate of the Claisen 
rearrangement was widely acknowledged, the exact cause of the enhancement was not initially 
understood. Severance and Jorgensen
17
 deduced with the aid of computational modelling that the 
increased reaction rate was largely due to hydrogen-bonding between the solvent and the allyl vinyl 
ether oxygen. The minimum energy pathway for the reaction of allyl vinyl ether 1 was calculated at 
the RHF/6-31G(d) level of theory. The pathway was mapped in order to generate a “movie” before 
being submitted to Monte Carlo simulation in solvent water in order to determine the free energy of 
hydration (ΔGhyd). The calculations showed that, instead of partial ionisation of the allylic and 
vinylic fragments, the lower barrier for reaction was largely due to enhanced H-bonding to the 
transition state, relative to the substrate or product. The average number of hydrogen bonds was 0.9, 
1.9 and 1.7 for the substrate, transition state and product, respectively. The report closed with the 
suggestion that a molecule capable of forming two hydrogen bonds to the ether oxygen would be an 
ideal catalyst for the Claisen rearrangement. 
1.1.5 Named Variants 
In an effort to improve the operational simplicity of the Claisen rearrangement, numerous 
modifications have been developed, particularly in the aliphatic case. The most prominent of these 
aliphatic Claisen methods include the Eschenmoser, Johnson, Ireland and Gosteli modifications. 
1.1.5.1 Eschenmoser–Claisen Variant 
Building on observations by Meerwein regarding the rearrangement of N,O-ketene acetals, 
Eschenmoser disclosed a simple, one-pot procedure for the conversion of allylic alcohols 14 to γ-
unsaturated amides 26,
18
 now known as the Eschenmoser–Claisen rearrangement (Scheme 1.7). The 
method takes advantage of the thermal transacetalisation of dimethylacetamide dimethyl acetal 
(DMADMA, 21) to conveniently access the ketene acetal intermediate 25 under neutral conditions. 
The high yields and good functional group tolerance of the Eschenmoser–Claisen rearrangement 
(due to the neutral reaction conditions) has meant the Eschenmoser–Claisen rearrangement has 
enjoyed consistent use since its discovery. However, the high cost of 21 precludes its use in large-
scale synthesis. 
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Scheme 1.7: The Eschenmoser–Claisen rearrangement.18 
1.1.5.2 Johnson–Claisen Variant 
The Johnson–Claisen rearrangement (Scheme 1.8)  is another operationally simple variant of 
the Claisen rearrangement which shares many similarities with Eschenmoser’s method.19 The 
reaction conditions are similar to the Eschenmoser–Claisen with the exception that ethyl 
orthoacetate 27 is substituted for DMADMA 21. This requires the addition of a catalytic weak acid 
source (most commonly propionic acid) to promote acetal exchange and formation of ketene acetal 
31. Distillation of the low boiling alcohol products under Dean–Stark conditions is common, though 
not always necessary. One particular advantage the Johnson–Claisen rearrangement over the 
Eschenmoser modification is that ethyl orthoacetate 27 is considerably less expensive than 
DMADMA 21. The method was used to great effect by Johnson in his synthesis of squalene 37, 
where repeated application of the reaction allowed for the rapid assembly of the tetraene core 36 
(Scheme 1.9).
19
 
 
Scheme 1.8: The Johnson–Claisen rearrangement.19 
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Scheme 1.9: Johnson's synthesis of squalene 37.
19
 
1.1.5.3 Ireland–Claisen Variant 
The third, and certainly the most synthetically useful variant of the Claisen rearrangement is 
the Ireland modification (see Scheme 5).
12,20
 The method varies from the Johnson and Eschenmoser 
rearrangement in that the reactant is a preformed allyl ester 38 (instead of an allyl alcohol 14). This 
allows explicit selection of the α-substituents on the resulting carboxylic acid 41, which is not 
normally attainable with alternative methods utilising acetal exchange due to the limited variety of 
orthoesters available.  Low temperature deprotonation with bulky amide bases (LDA, etc.) followed 
by silylation generates the required (silyl) ketene acetal 39 whilst suppressing unwanted side 
reactions (such as aldol-type couplings). The mild conditions, operational simplicity and excellent 
selectivity of the Ireland–Claisen rearrangement have meant it is the preferred modified Claisen 
procedure in use today. 
9 
 
 
Scheme 1.10: The Ireland–Claisen rearrangement.12,20 
1.1.5.4 Gosteli–Claisen Rearrangement 
Although only recently popularised, the last common variant of the Claisen rearrangement is 
the Gosteli modification (see Scheme 1.11).
21
 The method is distinct from other major Claisen 
modifications in that it possesses a C-2 acceptor (an alkoxycarbonyl, see 42) instead of the more 
commonly deployed rate accelerating C-2 donor. Originally reported in the context of antibiotic 
synthesis, the method remained largely unexplored until Hiersemann discovered the process to be 
ideal for catalytic, enantioselective rearrangements (see Section 1.3.1).
22
 Additionally, Hiersemann 
has described an efficient entry into the 2-alkoxycarbonyl allyl vinyl ether 42 starting materials, 
further increasing the practicality of the method (Scheme 1.12).
21b
 Catalytic, enantioselective 
Gosteli–Claisen rearrangements have also been extended to hydrogen-bonding catalysts by 
Jacobsen (see Section 1.3.2).
23
 
 
Scheme 1.11: The Gosteli–Claisen rearrangement.21 
 
Scheme 1.12: Hiersemann's synthesis of 2-alkoxycarbonyl allyl vinyl ethers 42.
21b
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1.2 The Aromatic Claisen Rearrangement 
1.2.1 Experimental Conditions 
In a similar manner to allyl vinyl ethers, allyl phenyl ethers may undergo a [3,3]-sigmatropic 
shift. In this case, an intermediate cyclohexadienone 4 is formed, which undergoes rearomatisation 
to give an allyl phenol 5 (see Scheme 1.13). In contrast to the aliphatic variant, the aromatic Claisen 
rearrangement requires even more forcing thermal conditions (usually 180-225 
o
C), presumably due 
to the loss of aromaticity that occurs in TS-3.
24
 The high temperatures are achieved either by 
heating the substrate neat, or as a solution in a high boiling-point solvent (typically dimethyl- or 
diethylaniline). As with the aliphatic variant, the highly-ordered chair transition state allows for 
near-perfect chirality transfer (see Scheme 1.13, equation 2).
25
 
 
Scheme 1.13: The aromatic Claisen rearrangement. 
1.2.2 Scope and Limitations 
As a result of the acidity of phenols, substrates for the aromatic Claisen rearrangement are 
easily synthesised, usually by displacement of an allylic (pseudo)halide (such as 52) by a phenoxide 
(i.e. the Williamson ether synthesis) or by Mitsunobu reaction with allylic alcohol 14 (see Scheme 
1.14).
26
 Alternatively, Trost’s asymmetric allylic alkylation25 allows facile access to chiral allyl 
phenyl ethers such as 48. The enantioenriched allyl phenyl ethers may then undergo the Claisen 
rearrangement to generated chiral allylated phenols, either thermally or with the aid of a Lewis acid 
catalyst.
25
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Scheme 1.14: Synthesis of allylated phenols 3 and 48. 
Due to the presence of appropriately positioned alkenes, the dearomatised intermediate 
generated by the Claisen rearrangement may undergo a Cope rearrangement if the rearomatising 
proton shift is not facile (or unavailable as in the case of the ortho-substituted 54, see Scheme 
1.15).
3c
 The para product 55 may be selected by applying di-ortho substituted phenols to the 
reaction, allowing facile access to para-allylated phenols. 
  
Scheme 1.15: Ortho- and para-Claisen rearrangement of allyl phenyl ethers 3 and 53.  
As with the aliphatic variant, the aromatic Claisen rearrangement has enjoyed numerous 
applications in synthesis since its discovery. An elegant example in the context of natural products 
is provided by Takano in his synthesis of (+)-latifine 58 (incidentally the unnatural enantiomer, see 
Scheme 1.16).
27
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Scheme 1.16: Takano's synthesis of (+)-latifine 58.
27
 
1.2.3 Regiochemistry 
 A point that is not often considered in the aromatic Claisen rearrangement is that, unlike the 
vinyl moiety of the aliphatic variant, the phenyl group provides two possible sites of reaction. This 
aspect is less relevant when the aromatic system is para- or ortho-substituted (as the products are 
related by symmetry in the first case, and the unsubstituted reaction site is preferred in the second). 
However, when the aryl system is meta-substituted, a mixture of products may result depending on 
whether reaction occurs “towards” the meta substituent (leading to a 1,2,3-trisubstituted aromatic 
ring 61) or “away from” the existing substituent (leading to a 1,2,4-substituted aromatic ring 60). 
White and Slater,
28
 in their investigation on the topic, noted that in all cases except for the electron-
donating methoxy-substituent, rearrangement occurs primarily “towards” the substituted meta-
position (Scheme 1.17). The authors did not suggest an explanation for this selectivity. Marsaioli, et 
al.
29
 later investigated the regioselectivity computationally using the B3LYP/6-31G(d,p) method 
(Scheme 1.18). In all cases, the lowest energy ground state conformation of the allyl ether (which, 
due to hindered rotation around the Ar–O ether bond, exists in two main conformers, compare 59 
and 59’) mirrored the preferred regioisomer of the product. The preferred conformer could also be 
determined by 
1
H NMR spectroscopy. Frontier molecular orbital analysis, a common method for 
determining selectivities in pericyclic reactions, was unsuccessful as the HOMO and LUMO of the 
system had large contributions from the aryl group which confounded interpretation. 
13 
 
 
Scheme 1.17: Regioselectivity in the aromatic Claisen rearrangements of meta-substituted allyl 
phenyl ethers. Adapted from White and Slater.
28
 
 
Scheme 1.18: Gibbs free energies (in kcal/mol) of species in regioselective aromatic Claisen 
rearrangement according to Marsaioli, et al.
29
 Calculated at the B3LYP/6-31G(d,p) level of theory.  
1.3 Catalysis 
The effects of catalysts and activating reagents, as with all other aspects of the Claisen 
rearrangement, have been extensively reviewed
2,3b,3c
.
30
 Examples which inform the development of 
possible catalysts for the Benzyl-Claisen rearrangement will be described below. 
1.3.1 By Lewis Acids 
Historically, the first broadly successful class of activating agents applied to the aliphatic 
Claisen rearrangement were aluminium-containing Lewis acids. Although typically used in 
stoichiometric amounts, these catalysts represented a significant advance as they simultaneously 
improved the scope of the reaction. In a landmark paper published by Takai, et al.
31
 a number of 
14 
 
organoaluminium compounds (AlMe3, AlEt3, AliBu3, Et2AlSPh, Et2AlCl-PPh3) were reported to 
mediate the Claisen rearrangement of simple allyl vinyl ethers (Scheme 1.19). More common Lewis 
acids (TiCl4, BF3, SnCl4, ZnBr2) did not catalyse the reaction. Depending on the reagent used, the 
resulting aldehyde would undergo further transformations to generate primary alcohols (via 
reduction by AliBu3, see 64b), secondary alcohols (though addition of Me
–
 from AlMe3, see 64a) or 
propargylic alcohols (from synthesised organoaluminiums such as Et2AlCCPh, see 66). 
Alternatively, Et2AlSPh or Et2AlCl-PPh3 trapped the intermediate aldehyde, which could be 
released during the aqueous work-up (64c or 68). The extent of the acceleration was such that the 
rearrangement of 67, which under thermal conditions would require heating to 410 
o
C,
31-32
 occurred 
within an hour at room temperature. Curiously, methylmagnesium iodide (MeMgI) was also 
observed to promote the reaction. 
 
Scheme 1.19: Takai's aluminium-mediated Claisen rearrangement.
31
 
Building on the success of organoaluminium reagents in accelerating the Claisen 
rearrangement, the group of Yamamoto developed a suite of bulky Lewis acids ligated with 
substituted phenoxide ligands (Scheme 1.20).
33
 Compounds 69 and 70 were able to effect the 
sigmatropic rearrangement of 76 in a short time (15-30 min) even at cryogenic temperatures 
(Scheme 1.21).
34
 Additionally, 69 and 70 provided the rearranged product with complementary 
double bond configurations (due to control of substituent orientation in the transition state). 
Substitution of the phenolate ligands with chiral binaphthol derivatives provided enantioselective 
catalysts 73, 74 and 75.
35
 While 73 required the presence of a bulky SiMe3 (or GeMe3) group at the 
2-position in order to generate acceptably enantioenriched product, reagents 74 and 75 were 
effective on unsubstituted vinyl ethers (such as 81), albeit when used in stoichiometric quantities. 
The outstanding activity and selectivity of the aluminium promoters was purported to stem from the 
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controlled steric environment provided by the bulky phenolate ligands, which mutually controlled 
the orientation of the substrate as well as preventing aggregation of the reagent. 
 
Scheme 1.20: Yamamoto's bulky aluminium Lewis acids.
33-35
 
 
Scheme 1.21: Claisen rearrangements mediated by Yamamoto's aluminium reagents.
33-35
 
The first successful catalytic, enantioselective Claisen rearrangement was reported by 
Hiersemann in 2001 (Scheme 1.22).
22a
 Acknowledging that differentiating the two enantiomeric 
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transition states of the reaction would be difficult in the absence of multiple Lewis basic contact 
sites, the group instead chose to investigate the Gosteli–Claisen rearrangement. Copper-based 
Lewis acids (most notably Cu(OTf)2) were observed to accelerate the process. Following from this 
insight, application of C2-symmetric bisoxazoline (Box) ligands (giving catalyst 85) led to the 
formation of enantioenriched product (such as 84) in excellent yield.
22a
 Further optimisation 
revealed that the cationic hexafluroantimonate salt 86 (which is more strongly electrophilic than 85) 
improved the enantioselectivity and shortened the reaction time.
22b,22c
 A model, consistent with 
previous applications of Cu(box) catalysts,
36
 was advanced to explain the rearrangement’s 
selectivity; namely, the metal centre chelates the ether and carbonyl oxygens, simultaneously 
lowering the barrier for reaction and blocking one of the vinyl ether’s enantiotopic faces (see 
83.85). 
 
Scheme 1.22: Hiersemann's enantioselective Gosteli–Claisen rearrangement catalysed by chiral 
copper Lewis acids 85 and 86.
22
 
Finally, whilst the aromatic-, aliphatic- and Gosteli–Claisen rearrangements have received 
considerable attention in the search for catalytic reagents, almost no reports exist that are concerned 
with catalysis of ketene acetal systems. This can be ascribed to the fact that Claisen rearrangements 
involving 2-heteroatom substituted systems (most notably the Ireland–Claisen rearrangement) are 
facile, occurring at or below room temperature. There is, however, one known case of a catalysed 
Ireland–Claisen rearrangement. Koch et al. noted that, in the sigmatropic reaction of arylacetate 
ester 87, addition of a substoichiometric quantity of Lewis acid (primarily TiCl4, though ZnCl2, 
17 
 
SnCl4 and TMSOTf were also effective) enhanced yield, diastereoselectivity and allowed the 
reaction to occur at room temperature (Scheme 1.23).
37
 In the absence of catalyst the process 
required heating to reflux in order to effect complete conversion, which was accompanied by 
substantial decomposition of the silyl ketene acetal substrate 88. The reaction was conducted on 
multigram scale for the synthesis of a dual tumour necrosis factor/matrix metalloproteinase 
(TNF/MMP) inhibitor 90.
37b
 
 
Scheme 1.23: Koch's Lewis acid catalysed Ireland–Claisen rearrangement of arylacetate ester 87.37 
1.3.2 By Hydrogen-bonding (H-bond) Catalysts 
Although the aforementioned Lewis acids satisfactorily catalyse the Claisen rearrangement, 
one of the most exciting advances in catalysis has come from the application of hydrogen-bonding 
(H-bonding) catalysts. Hydrogen-bonding catalysis has recently been reviewed by Jacobsen.
38
 
These catalytic agents differ from the more prevalent metal-based Lewis acids in that the 
electrophilic centre responsible for lowering the energy of the transition state is protic (either by 
hydrogen-bonding or proton transfer to the substrate, see Scheme 1.24). As they contain no metallic 
or semi-metallic centres, they may further be classified as organocatalysts which avoid the toxicity 
and/or corrosive nature of traditional electrophilic reagents.  
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Scheme 1.24: Comparison of Lewis acid catalysis with H-bond catalysis in the Claisen 
rearrangement. 
The rationale for the application of H-bonding organocatalysts to the Claisen rearrangement 
can be found in the observed acceleration of the reaction rate in polar, protic solvents (see Section 
1.1.4). Initial attempts to deploy hydrogen-bonding catalysis, in line with Severance and 
Jorgensen’s predictions,17 were first conducted by Curran.39 Urea 95 and thiourea 96, which contain 
two appropriately positioned hydrogen bond donors, were applied to the Claisen rearrangement of 
allyl vinyl ethers 93a and 93b. While thiourea 96 was observed to decompose under the reaction 
conditions, urea 95 accelerated the reaction by up to a factor of 22 when used stoichiometrically 
(see Scheme 1.25). Rate accelerations were, however, more modest when the urea was used in sub-
stoichiometric amounts. Methoxy-substituted 93b was superior compared to phenyl-substituted 93a, 
which was rationalised as being due to enhanced polarisation in the transition state TS-93b.95. 
 
Scheme 1.25: Claisen rearrangement of vinyl ether 93 promoted by Curran’s (thio)urea catalysts 95 
and 96.
39
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The first successful catalytic enantioselective application of a hydrogen-bonding catalyst to 
the Claisen rearrangement was by Jacobsen.
23a
 Unlike ureas and thioureas, which had previously 
been shown to have modest activity,
39-40
 cationic guanidinium salts such as 101 catalysed the 
rearrangement of a number of substrates (including 97 and 99) under mild conditions and sub-
stoichiometric loadings (see Scheme 1.26). The non-coordinating barfate counterion was essential 
in achieving the catalyst’s high reactivity, with Cl-, BF4
-
 and SbF6
-
 salts having negligible activity. 
After extensive investigation, it was discovered that chiral guanidinium 104 promoted the Gosteli–
Claisen rearrangement of various 2-methoxycarbonyl substituted allyl vinyl ethers (such as 102) in 
good yields and enantioselectivities (Scheme 1.27). Computational modelling at the B3LYP/6-
31G(d) and M05-2X/6-31G(d) levels of theory indicated the formation of strong hydrogen bonds 
between the guanidinium catalyst 104 and the lone pairs of the ether oxygen in the transition state 
(TS-102.104).
23a,23c
 
 
Scheme 1.26: Guanidinium-catalysed Claisen rearrangement as described by Jacobsen.
23a
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Scheme 1.27: Jacobsen’s catalytic, enantioselective Claisen rearrangement catalysed by chiral 
guanidinium salt 104.
23a,23c
 
Although achiral, another promising platform for catalysis of the Claisen rearrangement is 
the bisamidinium catalyst developed by Annamalai, et al. (Scheme 1.28).
41
 The novel design was 
conceived by first calculating the geometry of the optimised hydrogen-bonding interaction of 
dimethyl ether with formamide (105). The configuration of the key heteroatoms was then used as 
coordinates in order to search for equivalent, known compounds in the Cambridge Crystal 
Database. The resulting structures were then used as a template to design catalyst 107. When the 
catalytic agent was applied to substrate 108, the Claisen rearrangement product was smoothly 
generated in 70% isolated yield. Kinetic experiments demonstrated that the reaction rate was 
increased 95-fold relative to the uncatalysed process, similar to the level of enhancement observed 
when conducting the Claisen rearrangement in water. 
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Scheme 1.28: Annamalai and Kozlowski's design of bisamidinium catalyst 107.
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1.4 Theoretical and Computational Investigations 
While it is most widely known for its synthetic utility, the Claisen rearrangement has also 
been a reaction of longstanding interest in the field of computational chemistry. Likewise, with the 
wealth of accrued experimental kinetic and thermodynamic data, the Claisen rearrangement 
represented a “proving ground” on which to compare the accuracy of newly established 
computational methods. Hybrid DFT methods, in particular the popular B3LYP method, have 
shown good performance in modelling Claisen rearrangements (see below), offering a balance of 
reasonable accuracy and modest computational cost. DFT differs from ab initio methods in that, in 
principle, the modelled quantity is the electron density (a measurable quantity), rather than the 
electronic wavefunction.
42
 Hybrid DFT combines a proportion of exact (Hartree–Fock) exchange 
together with DFT exchange–correlation functionals. It is exemplified by B3LYP, Becke’s three-
parameter hybrid exchange–correlation functional,43 which has found widespread use in 
computational organic chemistry.
44
  
1.4.1 Activation Energies and the Nature of the Transition State 
The performance of DFT calculations in estimating the energies of [3,3]-sigmatropic 
rearrangements, specifically the Cope and Claisen rearrangements, was first demonstrated by Wiest 
and Houk in 1994.
45
 By comparing calculated kinetic isotope effects (KIEs, which relate to the 
degree of bond formation, angle bending, and rehybridisation on going from the reactant to the 
transition state) with experimental data, the accuracies of different methods were able to be 
evaluated. Methods such as SVWN were found to be ineffective at replicating empirical values, but 
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the B3LYP functional in conjunction with the 6-31G(d) or 6-311+G(d,p) basis sets was able to 
reproduce KIE values within the limits of experimental error. The geometries of the calculated 
transition states were found to be “…looser aromatic chair…” structures, providing further evidence 
against the “complete bond forming” TS-1a and “complete bond breaking” TS-1b mechanistic 
extremes of the reaction (Scheme 1.29, part a).
45
 Furthermore, B3LYP was also found to be the 
most effective method for calculating the barrier for reaction, with errors within 1 kcal/mol for the 
Cope rearrangement and within 4 kcal/mol for the Claisen rearrangement of allyl vinyl ether 
(Scheme 1.29, part b). Other methods (SVWN, RHF, CASSCF) were considerably less effective at 
estimating the transition state barrier for the Claisen rearrangement (with errors from 10-17 
kcal/mol). It is interesting to note that B3LYP/6-31G(d), utilising a basis set which in modern terms 
can be regarded as fairly small, is at least as effective at determining the nature of the Claisen 
rearrangement transition state as calculations with the larger 6-311+G(d,p) basis set, but with 
reduced computational cost. 
 
Scheme 1.29: Experimental vs DFT calculated energies for the aliphatic Claisen rearrangement of 
allyl vinyl ether 1.
45
 
The efficacy of B3LYP in modelling the kinetics of the aromatic Claisen rearrangement was 
demonstrated by Houk et al. in 2013.
46
 In the course of investigating the enzyme-catalysed C-
prenylation of tyrosine residues via O-prenylation/Claisen rearrangement, various computational 
methods were assessed for their accuracy in calculating the barrier of the aliphatic and aromatic 
Claisen rearrangements. Comparisons were made with experimental data and with high-accuracy 
calculations performed with the CBS-QB3 composite method of Petersson and coworkers.
47
 For the 
rearrangement of allyl vinyl ether 1, errors in the computed enthalpy of activation were found to 
range from –5.6 kcal/mol for MP2/cc-pvQZ//M06-2X/6-311++G(d,p) to 0.3 kcal/mol for SCS-
MP2/cc-pvQZ//M06-2X/6-311++G(d,p). For comparison, B3LYP/6-31G(d) was found to 
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underestimate the barrier by 2.0 kcal/mol, albeit with a considerably reduced computational cost. 
On the other hand, errors for the aromatic Claisen rearrangement ranged from 3.6 kcal/mol for 
M06-2X/6-311++G(d,p)//B3LYP/6-311++G(d,p) to -0.2 kcal/mol for SCS-MP2/cc-pvQZ//M06-
2X/6-311++G(d,p), with the error of the B3LYP/6-31G(d) calculation being a highly satisfactory -
0.3 kcal/mol (see Scheme 1.30). 
 
Scheme 1.30: Experimental vs DFT calculated activation enthalpies for the aromatic Claisen 
rearrangement of allyl phenyl ether.
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 In addition to the examples presented above, DFT methods such as B3LYP have also been 
utilised to explain the preference for the chair or boat transition state in the Claisen rearrangement 
of cyclic enol ethers,
4b,48
 as well as to rationalise the facial stereoselectivity of a Johnson–Claisen 
rearrangement used in the total synthesis of the alkaloid Gelsemine.
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1.4.2 Calculated Substituent Effects 
Substituent effects have also been investigated computationally at various times and, 
depending on the level of theory, have generally been found to agree with experimental 
observations (see Section 1.1.3, Substituent Effects).
14,50
 Perhaps the most important reports 
demonstrating the effectiveness of the B3LYP functional in calculating the effect of substituents are 
those by Aviyente and Houk.
14,50b
 Following up on an earlier investigation of the effects of donor (–
OH) substitution at different positions on the allyl vinyl ether,
50a
 the authors investigated the 
consequences of substitution by a donor (–NH2) or acceptor (–CN or –CF3) at all possible positions 
on the allyl vinyl ether 1 (see Scheme 1.31). They concluded that, consistent with experimental 
observations, C-2 and C-4 electron donors, as well as C-4 electron acceptors, lowered the activation 
energy of the reaction to the greatest degree. Particularly, the effect of C-2 donors were rationalised 
as being due to bonding interactions which not only stabilise the product, but also which partially 
develop in (and therefore lower the activation energy of) the transition state. 
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Scheme 1.31: Calculated substituent effects on the activation energies of aliphatic Claisen 
rearrangements at the B3LYP/6-31G(d) level of theory. Values in parentheses are the change in 
activation energy relative to the parent (ΔΔE‡). Adapted from Aviyente and Houk.50b 
1.4.3 Calculated Solvent Effects 
Due to the well-known rate accelerations observed when conducting the Claisen 
rearrangement in polar and protic media (see Section 1.1.4), considerable computational effort has 
been spent on understanding the effect of solvent of the reaction. Broadly speaking, two methods 
have been deployed in order to understand solution effects: explicit or implicit solvent models.  
The most conceptually obvious manner in which to determine the effect of solvent is to 
explicitly include solvent molecules in the geometry optimisations and free energy calculations of 
the reaction pathway. However, such treatments, due to the additional degrees of freedom 
introduced by including multiple molecules, are inherently computationally costly and scale poorly, 
requiring many molecules of solvent to adequately simulate the bulk solvent. The method has 
nonetheless seen some important applications including Severance and Jorgensen’s investigation 
into the effect of aqueous solvent on the Claisen rearrangement (described above in Section 1.1.4), 
where the reaction pathway was first calculated at the RHF/6-31G(d) level of theory before the 
effect of solvent water was determined using a Monte Carlo simulation.
17
 Later, Hillier and co-
workers reported studies of aqueous Claisen rearrangements using quantum mechanical continuum 
methods, Monte Carlo simulations, and microsolvation approach that included a small number of 
quantum mechanically modelled explicit water molecules interacting with the allyl vinyl ether.
51
 
Recently, Acevedo utilised a mixed QM/MM approach to simulate the rate enhancement of 
aromatic Claisen rearrangements at an organic/aqueous interface (“on water” catalysis).52  
The more widely utilised method to calculate solvent effects in the Claisen rearrangement 
(and in quantum chemistry more generally) is to treat the solvent implicitly.
53
 In this manner, 
instead of modelling specific interactions between solute and solvent, the substrate is placed within 
a cavity and the reaction media is treated as a “continuum,” whose properties (such as the dielectric 
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constant) are tuned to mimic those of the solvent. Despite the approximate nature of this method it 
has proven to have utility in modelling solvent effects on reaction rates, especially in cases where 
specific interactions between solvent and solute (e.g. hydrogen-bonding) are not important. 
Davidson and Hillier have shown that the polarisable continuum model (PCM) of Tomasi et al.
54
 
accurately replicates the acceleration of the Claisen rearrangement of allyl vinyl ether in di-butyl 
ether relative to the gas phase (ΔΔEa: exp = -1.5 kcal/mol, calc = -1.6 kcal/mol, RHF/6-31G(d)) 
though underestimates the rate enhancement in aqueous solvent (ΔΔEa: exp = -4.7 kcal/mol, calc = -
2.8 kcal/mol).
55
 More recently, the PCM method has been used by Srinivasadesikan, et al. in 
conjunction with Truhlar’s M06 functional to calculate activation energies for the aromatic Claisen 
rearrangement, obtaining good agreement with experiment.
56
 Osuna and Houk used a different 
implicit solvent method, the conductor-like polarisable continuum model (CPCM) of Cossi et al.,
57
 
to model the effect of water on the aromatic Claisen rearrangement.
46
 It was observed that more 
accurate predictions of the barrier-lowering effect could be obtained by including several explicit 
water molecules, bound to oxygen, resulting in a mixed explicit-implicit model. Schafmeister and 
Houk have also used CPCM in the course of designing a biomimetic hydrogen-bond catalyst for the 
aromatic Claisen rearrangement.
58
 
1.4.4 Computational Catalysis 
Finally, catalysis of the Claisen rearrangement has also been investigated computationally. 
As an important case, Houk performed an investigation into the catalytic effect of chorismate 
mutase, an enzyme which mediates a naturally occurring Claisen rearrangement.
59
 In results that are 
pertinent to the current investigation, the effect of model acids coordinated to the ether oxygen of 
allyl vinyl ether 1 (giving structure 110) were investigated at the RHF/6-31G(d,p) level of theory 
(Scheme 1.32). The models (H
+
 and NH4
+
) were chosen to mimic the effect of a protonated arginine 
side chain present in the enzyme active site. Compared to the uncatalysed process, the barrier of 
reaction was reduced by 11.4 kcal/mol for NH4
+
 and by 40.8 kcal/mol for H
+
. However, 
coordination of the acidic group lengthened both the forming and breaking bonds and increased 
polarisation in the transition state. This was taken to the extreme in the H
+
 case, where the transition 
state was described as “a loose complex between an enol and an allyl cation.”59 In addition to the 
previous example, precedent exists for the use of B3LYP in the modelling the effect of hydrogen-
bond catalysts in the Claisen rearrangement by Hiersemann
40
 and Jacobsen (see Section 1.3.2).
23a,23c
 
Jacobsen’s study, which took inspiration from the chorismate mutase enzyme (Figure 1.2), found 
that cationic hydrogen bond donors were essential in stabilising the negative charge which 
developed on the ether oxygen during the transition state.
23c
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Scheme 1.32: Calculated effect of hydrogen bond donors on the activation energy for the Claisen 
rearrangement of coordinated allyl vinyl ether 110, determined at the RHF/6-31G(d,p) level of 
theory. 
 
Figure 1.2: Key residues involved in the catalysis of the Claisen rearrangement by Chorismate 
mutase. Adapted from Uyeda and Jacobsen.
23c
 
1.5 The Benzyl-Claisen Rearrangement 
1.5.1 Rationale 
A curiosity of the Claisen rearrangement is that while allyl vinyl 1 and allyl phenyl ethers 3 
find wide application as substrates in the reaction, usage of the closely related benzyl vinyl ethers 
112 are rarely reported. The reason for this underrepresentation is not readily apparent as it seems to 
merely involve the translocation of an oxygen atom in the substrate from the well-known aromatic 
Claisen rearrangement. The Claisen rearrangement of a benzyl vinyl ether 112, which will herein be 
termed the “Benzyl-Claisen” rearrangement, would, if it could be achieved, also be useful as it 
would allow regioselective functionalisation of an aromatic system ortho to an existing benzylic 
alcohol. 
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Scheme 1.33: Rational connection between existing aromatic Claisen rearrangement and the 
"Benzyl-Claisen" rearrangement. 
1.5.2 Examples of the Rearrangements Difficulty  
It has been observed occasionally over the previous 100 years that benzyl vinyl ethers 112 
make poor substrates for the Claisen rearrangement (Scheme 1.34). Burgstahler noted that benzyl 
vinyl ether 112 failed to rearrange even under forcing conditions (245 
o
C, sealed tube, nitrogen 
atmosphere).
60
 Higher temperatures led to polymerisation and decomposition of the starting 
material. On the other hand, exposure to radical initiators (di-t-butyl peroxide) generated the 1,3-
shift product 115 at temperatures as low as 170 
o
C. Shiina
61
 has demonstrated that disubstituted 
ketene silyl acetal 116 rearranges quantitatively to the [1,3]-shift product 117. Notably this occurs 
in the absence of any free-radical agents.
61
 Mander et al.
62
 also performed an investigation on the 
Claisen rearrangement on benzyl alcohol 118 (Scheme 1.35). Subjection of the substrate to 
Johnson–Claisen conditions resulted in a 10% yield of the product. For comparison, the 
corresponding implementation of the Ireland–Claisen method was reported to yield no [3,3]-
rearranged product, though experimental details and results were not provided.  
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Scheme 1.34: Burgstahler
60
 and Shiina's
61
 generation of [1,3]-shift products upon attempted Claisen 
rearrangement of benzyl vinyl ethers 112 and 116. 
 
Scheme 1.35: Mander's approach to the Benzyl-Claisen rearrangement.
62
 
1.5.3 Known Examples 
Despite the difficulties encountered in early attempts to perform Benzyl-Claisen 
rearrangements, there have been several incidences of success. One of the major examples of an 
effective Benzyl-Claisen rearrangement is from the work of Eschenmoser (Scheme 7). In his 
original paper,
18a
 benzyl alcohol 122 was successfully converted to tolylacetamide 124 in 50% yield 
by treatment with dimethylacetamide dimethyl acetal (DMADMA, 21) in refluxing 
dichlorobenzene. 2-Naphthylmethanol 125 and tetralol 127 were also noted as suitable substrates 
for the reaction, though 127 suffered from significant side-reactions (elimination) to form 
dihydronaphthalene. It is interesting to note that 125 rearranged with complete regioselectivity, 
giving the 1,2-substituted naphthalene rather than the 2,3-substituted isomer. 
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Scheme 1.36: Eschenmoser's Benzyl-Claisen rearrangement.
18a
 
A subsequent paper by Eschenmoser
18b
 featured fully optimised Benzyl-Claisen reactions 
for benzyl alcohol 122, 2-naphthylmethanol 125, tetralol 127 and furfuryl alcohol 130 (Scheme 8). 
Optimisation studies had shown that 1-dimethylamino-1-methoxyethene 129 (derived from 
DMADMA, 21) was a superior reagent for the conversion of benzylic alcohols to arylacetamides 
124, 126, 128, 131. Furthermore, DMF was put forward as the optimal solvent for the reaction, in 
the case of benzyl alcohol 122 boosting the isolated yield of 124 to 76%. With other solvents 
(xylene, t-amyl alcohol, dichlorobenzene) incomplete conversion and the recovery of hydrolytic 
(benzyl acetate) and radical-derived (bibenzyl, dibenzyl ether) side products was common.  
 
Scheme 1.37: Eschenmoser's optimised Benzyl-Claisen procedure.
18b
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Finally, exploratory reactions from both papers stated 4-methoxylbenzyl alcohol 132 
generated “a strong resinification” when submitted to the Eschenmoser–Claisen rearrangement 
(Scheme 9). The desired arylacetamide 133 was produced in 10-30% yield along with numerous 
side products such as bibenzyl 134, dibenzyl ether 135 and 3-(4-methoxyphenyl)-N,N-
dimethylpropanamide 136. The authors concluded the abundance of isolated radical side products 
“indicate a complex, dissociative reaction mechanism.” 
 
Scheme 1.38: Eschenmoser's Benzyl-Claisen rearrangement of p-methoxybenzyl alcohol 132.
18b
 
A prominent example of a successful Benzyl-Claisen rearrangement was reported by 
Raucher in 1978.
63
 He noted that mandelate esters 137 were suitable substrates in the Johnson–
Claisen rearrangement, regioselectively yielding ortho-disubstituted aromatic systems 138. For 
comparison, the reaction of benzyl alcohol 122 with triethyl orthoacetate 27 yielded primarily the 
mixed orthoester and “small amounts” of the [1,3]- and [3,3]-shift products. Investigation of 
substituted derivatives showed that electron-donating groups (–Me, –OMe) were better tolerated 
than electron-withdrawing groups (–COOH, –Cl) but all were lower yielding than the parent, 
unsubstituted case (see Scheme 1.39). This result contrasts with the low yield reported by 
Eschenmoser for the rearrangement of the para-methoxy substituted benzyl alcohol 132 which 
lacks the carboxylic ester group (Scheme 1.38). Raucher also reported successful application of the 
Benzyl-Claisen rearrangement to 3-indoleglycolates 139. In this case it was imperative to protect 
the indole nitrogen as the tosylamide. It was speculated by the author that the nucleophilic nature of 
the unprotected indole eliminated the adjacent alcohol under the reaction conditions.  
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Scheme 1.39: Raucher's Johnson–Claisen rearrangements of mandelate/glycolate esters 137 and 
139.
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Due to the scarcity of successful Benzyl-Claisen procedures, relatively little investigation 
has been devoted to more highly substituted benzyl alcohols. An exception to this is the work of le 
Noble.
64
 Published in 1964, the group noted that the isopropenyl ether 141 derived from 3,5-
dimethoxybenzyl alcohol, when heated to 240 
o
C in an evacuated tube for one hour, gave 
approximately 80% of the corresponding aryl acetone 142 (Scheme 1.40). The reaction also yielded 
10% of the [1,3]-shift product 143. In the case of m-methoxybenzyl isopropenyl ether 144 the 
product was a 1:1 mixture of 1,3 and 3,3 shift compounds (145 and 146 respectively). The authors 
did not provide any rationale for the success of these reactions. The regiochemistry of the 
(methoxy-2-methylphenyl)acetone product 145 was also not disclosed.  
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Scheme 1.40: le Noble's Claisen rearrangement of meta-substituted benzyl isopropenyl ethers 141 
and 144.
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A more modern procedure of interest was reported by Valerio in 2011.
65
 By generating 
keteniminium salts 149 (from amides 147 via triflic anhydride) which reacted with the adjacent 
benzylic ethers, the requisite benzyl vinyl ether motifs 150 were created which underwent the 
Benzyl-Claisen rearrangement (Scheme 1.41). The rearrangement was initiated by brief (5 min) 
heating of the reaction mixture at 120 
o
C in a microwave reactor. The yields however were highly 
dependent on the nature of the substrate. For instance, simple benzyl alcohols with fairly neutral 
substitution (–H, –Me, –I, –F, –Cl) generated the phenylacetate products 152 in 31-45% yield. On 
the other hand, strongly electron donating or withdrawing groups (–OMe, –CN, –CF3) only 
produced the [1,3]-shift product 154 under the reaction conditions. Finally, mandelate derived 
ethers were very effective reactants, delivering the [3,3]-rearranged product 152 in 41-90% yields 
(Scheme 1.41, R2 = COOMe). 
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Scheme 1.41: Valerio's keteniminium-initated Benzyl-Claisen rearrangement.
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In a similar manner to vinyl ethers, benzylic alkynyl ethers have also been reported to be 
tractable substrates for the Benzyl-Claisen rearrangement. Tudjarian and Minehan
66
 disclosed that 
alkynyl ethers 157 (synthesised by triflation of the relevant ketone followed by elimination) 
undergo facile [3,3]-sigmatropic rearrangement at 60 
o
C in warm toluene (see Scheme 1.42). 
However, unlike other Benzyl-Claisen rearrangements, the reaction mechanism involves the 
formation of reactive ketene 158 which engaged the exocyclic methylene of the dearomatised 
intermediate. A subsequent proton shift led to 2-substituted indanone products 160. Further 
derivatisation allowed for the efficient synthesis of indenyl amine 161, which is a precursor for 
pharmaceutical compounds. 
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Scheme 1.42: Tudjarian and Minehan's Claisen rearrangement of benzyl alkynyl ethers 157.
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One of the most important cases of a successful Benzyl-Claisen is also the earliest recorded 
example. In 1942, McElvain, whilst investigating the synthesis of substituted ketene acetals (163 
and 166, the class of compounds he first discovered and characterised), observed that under 
elimination conditions diallyl 162 and dibenzyl 165 bromoacetals yielded allyl penten-4-oate 164 
and benzyl (o-tolyl)acetate 167 respectively (Scheme 1.43).
67
 McElvain stated “It is interesting to 
note that these allylic rearrangements occur at or below the refluxing temperature (ca. 80 
o
C) of t-
butyl alcohol which is an unusually low temperature for a rearrangement of this type.” While this is 
likely for the allylic case 163, it is more plausible the Benzyl-Claisen rearrangement of 166 
occurred during the isolation of the product (distillation, 158-162 
o
C at 1.5 mm Hg).  
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Scheme 1.43: McElvain's base-induced Claisen and Benzyl-Claisen rearrangement of bromoacetals 
162 and 165.
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Finally, unpublished results from the McGeary group
68
 indicate that the Benzyl-Claisen 
rearrangement of methyl benzyl ketene acetal 169 occurs at lower temperatures than usually 
disclosed in the literature for this type of rearrangement (see Scheme 1.44). It was found that the 
mixed orthoacetate 168, on exposure to triisobutylaluminium hydride (TIBAL), generated the 
required ketene acetal 169 which rearranged to the [3,3]-shift product. The alcohol derivative of the 
product 171 was isolated due to the in situ reduction by TIBAL. The yield (38% based on recovered 
starting material) was rationalised as being artificially low due to the difficulty of separating the 
product from the side product, benzyl alcohol 122. 
 
Scheme 1.44: McGeary's aluminium-assisted Benzyl-Claisen rearrangement.
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1.6 Aims of this Work 
1.6.1 Experimental Aspects 
The literature for the “Benzyl-Claisen” rearrangement suggests that the process, with the 
appropriate effort, could be developed into a substantial and well-understood reaction which would 
then further inform the rich diversity of pericyclic chemistry. Of the known synthetic approaches, 
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the method reported by McElvain was deemed to be of most promise. In order to fully explore the 
synthetic potential of the Benzyl-Claisen rearrangement we have addressed the following aims: 
a) To develop a solution-phase Benzyl-Claisen rearrangement that could be easily conducted in 
a laboratory setting, 
b) To investigate the effect of substitution on the aromatic ring (electron-donating, electron-
withdrawing, meta or para) on the yield of the reaction, 
c) To examine the mechanisms of the reaction, and 
d) To explore whether the reaction can be made more facile by use of additives or catalysts. 
The results from this portion of the investigation are reported in Chapter 2 and 4. 
1.6.2 Theoretical Aspects 
Consistent with the limited number of successful implementations of the Benzyl-Claisen 
rearrangement, no theoretical or computational studies of the reaction have previously been 
reported. Therefore, the second portion of this study aimed to investigate the mechanism of the 
Benzyl-Claisen rearrangement by computational techniques. It was desired from the outset that 
computational chemistry would not only be used to corroborate and describe the phenomena 
encountered in the experimental investigation (such as reaction conditions, solvent effects, the 
nature of the transition state, regioselectivity, etc.), but also to provide predictions of possible 
outcomes of Benzyl-Claisen rearrangements to guide the experimental work. The outcomes of this 
approach are detailed in Chapter 3. 
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2 Chapter 2 – The Benzyl-Claisen Rearrangement 
2.1 Re-examination of Literature Methods 
The investigation began by re-examining previous reports of Benzyl-Claisen rearrangements 
equivalent to those described by Mander
62
 (see Section 1.5.2). Synthesis of benzyl trimethylsilyl 
ketene acetal 2 has been previously reported.
69
 Despite repeated attempts to synthesise benzyl 
trimethylsilyl ketene acetal 2 from benzyl acetate 1, all efforts were unsuccessful (Scheme 2.1, 
Equation 1). Treatment with LDA/TMSCl appeared to give small quantities of 2 (as evidenced by 
the appearance of benzylic and alkene peaks in the 
1
H NMR spectrum (CDCl3, 300 MHz) δ: 3.22 
(1H, dd, J = 2.8, 1.0 Hz, alkene CH), 3.32 (1H, dd, J = 2.8, 1.1 Hz, alkene CH), 4.79 (2H, s, 
PhCH2)) which was contaminated with starting material. Difficulties in purifying the hydrolytically 
and thermally sensitive 2, however, made the synthesis unviable. LiHMDS/TBSCl with NMP as a 
co-solvent also failed to effect the transformation. Additionally, subjecting benzyl alcohol 4 to 
Johnson–Claisen conditions (trimethyl orthoacetate 5 and propionic acid) in refluxing DMF (a 
solvent suggested by Eschenmoser
18
 to be superior for benzylic Claisen rearrangements) generated 
no [3,3]-rearranged product 6. Starting materials were recovered, with benzyl acetate formed as a 
minor product (as determined by GC-MS and 
1
H NMR analysis, see Scheme 2.1, Equation 2). 
Essentially, as is consistent with previous literature reports, Johnson–Claisen conditions are 
unsuitable for effecting the [3,3]-sigmatropic rearrangement of benzylic substrates. Furthermore, 
difficulties in accessing silyl ketene acetal 2 prevented evaluation of the Ireland–Claisen conditions. 
 
Scheme 2.1: Attempted Ireland– and Johnson–Claisen rearrangements of benzylic systems. 
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2.2 Synthesis of Bromoacetals 
Cognisant of the fact that the Ireland and Johnson conditions would not affect the Benzyl-
Claisen rearrangement, the investigation turned to examine the conditions developed by 
McElvain.
67
 This first required reliable access to benzyl bromoacetals (such as 8 and 10). In the 
original report, dibenzyl bromoacetal 8 was synthesised from benzyl alcohol 4 by treatment with 
vinyl acetate 7 and bromine (Scheme 2.2). More modern syntheses of unsymmetrical bromoacetals, 
which are utilised in Ueno–Stork chemistry,70 use either Br2/DIPEA or NBS with ethyl vinyl ether 9 
(or EVE, see Scheme 2.3). Application of the NBS procedure to substituted benzyl alcohols 4 
generated the unsymmetrical bromoacetals 10 in ~60% yield (Table 2.1). Alternatively, employing 
Br2/DIPEA consistently gave 10 in >90% yield, although the use of liquid bromine made the 
procedure less practicable. Use of either method allowed for a wide range of functional groups to be 
tolerated, including electron-donating and -withdrawing groups, halogens, fused aromatic systems 
and secondary and tertiary alcohols. A notable exception to this was the methylsulfoxide derivative 
4v. When 4v was submitted to the Br2/DIPEA procedure, 
1
H NMR analysis of the crude product 
revealed the formation of a complex mixture. Signals consistent with the deoxygenated thiomethyl 
compound 4g (
1
H NMR (CDCl3, 400 MHz) δ: 2.48 (3H, s, SCH3), 7.21 – 7.32 (4H, m, Ar-H)), the 
starting sulfoxide 4v (2.72 (3H, s, S(O)CH3), 7.51 – 7.67 (4H, m, Ar-H)), the sulfone 4q (3.05 
(0.7H, s, S(O)2CH3), 7.94 (0.4H, d, J = 8.4 Hz, Ar-H)), multiple bromoacetals and aldehydes (9.80 
(q, J = 2.9 Hz), 9.92 (s), 10.09 (s)) were observable. The evidence suggests that 1,2-
dibromoethoxyethane 11 (formed in situ) promotes disproportionation/reduction of the sulfoxide, 
possibly by way of a Swern-type reaction (see Scheme 2.4). 
 
Scheme 2.2: McElvain's synthesis of bromoacetal 8.
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Scheme 2.3: Synthesis of bromoacetals 10 
Table 2.1: Synthesis of bromoacetals 10. 
entry 4 R R
1
 Yield 10 (%) 
1 a H H 89
b
 
2 b 4-Me H 61
a
, 99
b
 
3 c 4-Cl H 62
a
 
4 d 4-OMe H 64
a
 
5 e 4-F H 23
a
, 90
b
 
6 f 4-Br H 64
b
 
7 g 4-SMe H 70
b
 
8 h 4-C6H5 H 95
b
 
9 i H Me 40
a
, 99
b
 
10 j 3-OMe H 40
a
, 81
b
 
11 k 3-Br H 54
a
, 92
b
 
12 l (CH)4 (1-naphthyl) H 94
b
 
13 m (CH)4 (2-naphthyl) H 72
b
 
14 n H (CH2)3CH=CH2 43
a
 
15 o H (CH2)4CH=CH2 53
a
 
16 p 4-NMe2 H 87
b
 
17 q 4-SO2Me H 80
b
 
18 r 4-COOBn H 85
b
 
19 s 4-NO2 H 55
a
 
20 t 4-CN H 60
a
 
21 u 4-CF3 H 68
b
 
22 v S(O)Me H - 
23 w H (CH3)2 58
b
 
a
 NBS was used as the brominating agent. 
b
 Br2 and DIPEA were used. 
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Scheme 2.4: Possible decomposition pathway of sulfoxide derivative 4v. 
2.3 Synthesis of Benzyl Ketene Acetal 
Having established a dependable route to benzyl bromoacetals 10, attention was then turned 
to finding conditions for their conversion to ketene acetals 18. Many reports exist in the literature 
for the desired transformation, typically using KOtBu as a strong, sterically demanding base. The 
parent bromoacetal 10a was used as the test substrate to trial alternative conditions. KOtBu in THF 
(1 M) smoothly effected the elimination of HBr from bromoacetal 10a to generate ketene acetal 
18a. The reaction could either be driven to completion by heating at reflux for 1 hour, or 
alternatively by stirring at room temperature overnight. The product was easily isolated in crude 
form by diluting the reaction mixture with petroleum spirits and filtering off the remaining KOtBu 
and inorganic salt by-products, before concentrating the filtrate in vacuo. The ketene acetal product 
was hydrolytically unstable, as is common with this class of compound,
67,71
 which prevented 
purification using standard techniques such as column chromatography. However, the isolated 
compound was reasonably pure (as determined by 
1
H NMR analysis, with the main contaminant 
being t-butyl alcohol) and therefore suitable for further reactions. 
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2.4 The Benzyl-Claisen Rearrangement 
With the required ketene acetal 18a in hand, solvents for the solution-phase Benzyl-Claisen 
rearrangement of the benzyl ketene acetal were examined. Initially, xylene (as a mixture of 
isomers), a non-polar high boiling-point solvent, was chosen. After heating a solution of benzyl 
ketene acetal 18a at reflux for 14 hours, GC-MS analysis revealed a complex mixture of products. 
Mass spectrometric data for the main components were consistent with bibenzyl 19, ethyl 3-
phenylpropionate 20 and diethyl succinate 21 (see Scheme 2.5 and Figure 2.1). Specifically, 
phenylpropionate 20 was distinguished from the desired product 24 (with which it is isomeric) by 
analysis of its MS fragmentation data, which were consistent with the [1,3]-shift compound (m/z = 
178 (M
+
), 104 (M-CO2CH2CH3), 91 (M-CH2CO2CH2CH3)). It is likely that these products were 
formed by radical scission of the benzylic C–O bond (or the newly formed C–C bond in the 
dearomatised product) to give intermediate radicals 22 and 23, which would undergo further 
reactions. 
 
Figure 2.1: GC-MS traces of reaction mixtures after heating benzyl ketene acetal 18a in xylene (a) 
or DMF (b). Axes are # of counts (y axis, ×10
6
) vs retention time (x axis, minutes).  
(a) 
(b) 
42 
 
 
Scheme 2.5: Radical homolysis of benzyl ketene acetal 18a. 
Although the failure of the Benzyl-Claisen rearrangement to proceed in xylenes is 
interesting, such a phenomenon has been noted before. Eschenmoser also reported that multiple 
radical-derived by-products were obtained when the DMADMA-mediated Claisen rearrangement 
starting with benzyl alcohol 4 was conducted in xylene (see Section 1.5.3, Known Examples).
18b
 
Furthermore, it was reported that the polar, aprotic solvent DMF was superior for the 
transformation. As such, ketene acetal 18 was dissolved in DMF and heated to reflux. After 8 hours, 
consumption of the starting material was complete, and was accompanied by the formation of the 
desired [3,3]-rearranged product ethyl o-tolyl acetate 24 (as determined by GC-MS, see Figure 2.1). 
Mass spectrum fragmentation data were consistent with the structure of compound 24 (m/z = 178 
(M
+
), 105 (M-CO2CH2CH3)) and not phenylpropionate 20. Minor peaks for benzyl alcohol 4 and 
benzyl acetate 1 were observed which were due to hydrolysis of the ketene acetal. On further 
examination, the ethereal solvent diglyme was also found to permit the rearrangement. 
Purification of the α-aryl acetate ester 24 by column chromatography was found to be 
difficult as the product co-eluted with benzyl acetate 1 (a hydrolytic side product). This problem 
was conveniently avoided by submitting the crude reaction mixture to saponification with ethanolic 
KOH and isolating the product in its acid form, 25 (Scheme 2.6). 
In a further effort to improve the operational simplicity of the reaction, it was found that the 
elimination and pyrolysis steps could be combined into a one-pot process (Scheme 2.6, Method B). 
The advantage of this is the obviation of the need to handle the hydrolytically sensitive ketene 
acetal intermediate 18. Yields from the two procedures were comparable (for 25a, Method A = 
60%, Method B = 50%). This tandem ketene acetal formation/rearrangement method is similar to 
the manner in which Ireland–Claisen rearrangements are commonly conducted (where the silyl 
ketene acetal is reacted in situ and not directly isolated). The results for the application of the 
optimised reaction conditions (Method B) to a range of benzyl ketene acetals bearing different 
substitution patterns on the aromatic ring are presented in Table 2.2. 
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Scheme 2.6: Tandem elimination–Benzyl-Claisen rearrangement–ester hydrolysis of bromoacetals 
10 to form arylacetic acids 25. 
Table 2.2: Yield of arylacetic acid products 25 from tandem bromacetal elimination–Claisen 
rearrangement–ester hydrolysis procedure (Method B). 
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Electron-neutral and electron-donating groups (–Me, –Ph, –Cl, –Br and –OMe) gave results 
comparable to the parent system (35-58% vs 50% for 25a), whereas –SMe and –F gave an inferior 
yield (27% and 28%). The NMe2-substituted system 10p was found to decompose under the 
reaction conditions, presumably by heterolysis of the C–O bond and not a failure of the Benzyl-
Claisen rearrangement per se. This suggests that there is a limit to electron density tolerated in the 
aromatic ring under the conditions used. Substrates containing electrophilic or strongly electron-
withdrawing moieties (–NO2, –CN, –COOBn, –SO2Me or –CF3) were also observed to decompose 
under the reaction conditions. Secondary benzylic 10i and naphthyl systems 10l and 10m were 
well-tolerated (10i = 48%, 10l = 57%, 10m = 32%), though formation of small amounts of the 
[1,3]-shift product 25m′ was observed in the reaction of 25m. This could possibly be due to a more 
facile homolysis of the C–O bond. Additionally, tertiary benzylic ketene acetal 10w did not give the 
desired [3,3]-rearranged product, instead generating styrenyl byproduct 26 (via 
1
H NMR analysis, 
see Scheme 2.7). This suggests that the acetal may undergo deprotonation at one of the gem-
dimethyl groups, or alternatively, homolysis of the benzylic C–O bond may give a tertiary radical 
which would undergo hydrogen atom abstraction to form styrene.  
 
Scheme 2.7: Proposed Grob fragmentation of tertiary bromoacetal 10w. 
The mechanism for the decomposition of ketene acetals containing electron-withdrawing 
groups (29) is, at present, unknown. In all cases, a complex tarry mixture was produced. Limited 
evidence from GC-MS and 
1
H NMR analysis of these mixtures supports two possible modes which 
may be operative. The appearance of spectroscopic signals consistent with aromatic aldehyde 
products 31 (
1
H NMR (CDCl3, 300 MHz) δ: 10.10 (s)) suggests that rather than undergoing HBr 
elimination, the bromoacetal undergoes deprotonation at the benzylic position, whose acidity is 
increased by the electron-withdrawing substituent on the aromatic ring (Scheme 2.8). The 
intermediate benzylic anion 30 may undergo Grob fragmentation to yield the aldehyde product 31. 
Alternatively, the electron-deficient group may act as the site of nucleophilic attack by the ketene 
acetal, especially in the case of the cyano and benzyloxycarbonyl substituents. Ketene acetals are 
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known to react with electrophiles such as alkyl,
72
 acyl
72
 and silyl
73
 halides as well as carbonyl 
compounds under certain conditions.
74
  
 
Scheme 2.8: Possible decomposition pathways for benzyl bromoacetals 29 containing an electron-
withdrawing substituent on the aromatic ring. 
2.5 Regioselectivity 
Having established the functional group tolerance of the Benzyl-Claisen rearrangement, the 
investigation turned to examine the regioselectivity of the rearrangement for benzyl ketene acetals 
bearing meta substituents. As shown in Scheme 2.9, rearrangement of such substrates may in 
principle lead to two regioisomeric products, 24-ortho or 24-para (which are named for substituent 
relationship between the original meta-substituent and the newly formed acetate substituent). The 
two regioisomeric pathways differ in their steric requirements: rearrangement “towards” the meta 
substituent leads to a more crowded 1,2,3-product 24-ortho (Scheme 2.9, path (b)). Therefore it was 
initially expected that the rearrangement would proceed largely “away from” the existing meta-
substituent, leading to the 1,2,4-product 24-para (Scheme 2.9, path (a)).  
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Scheme 2.9: Alternative rearrangement pathways for meta-substituted ketene acetal 18. 
Rearrangement either occurs “towards” or “away from” the meta-substituent, leading to the 1,2,3-
product 24-ortho or 1,2,4-product 24-para respectively. 
The regioselectivities of Benzyl-Claisen rearrangements of meta-substituted benzyl ketene 
acetals are shown in Scheme 2.10. However, in the cases studied, the major product 17-ortho is 
derived from rearrangement “towards” the meta-substituent (path (b)). For example, methoxy-
substituted 18j yielded a mixture of product 24j-ortho and 24j-para in 44% yield (ortho:para, 3:2) 
whereas bromo-substituted 18k gave 24% yield of products 25k-ortho and 25k-para (ortho:para, 
4:1). Furthermore, 2-naphthyl derivative 18m selectively formed carboxylic acid 25m-ortho in 32% 
yield, with no product from the alternative process (24m-para) detected, though this is to be 
expected given that rearrangement via path a would dearomatise the system (see Scheme 2.11). A 
similar preference for rearrangement “towards” the meta-substituent is observed in the normal 
aromatic Claisen rearrangement (see Section 1.2.3, Regiochemistry), except rearrangement 
predominantly occurs “away” in the case of the methoxy-substituent.28-29 Site selectivity in fused 
aromatic systems such as 18m has been previously noted.
18b
 Computational investigations of these 
unexpected regiochemical results will be presented in Chapter 3.6. 
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Scheme 2.10: Regioselective Benzyl-Claisen rearrangement of meta-substituted aromatic systems 
18j and 18k to phenylacetates 24j and 25k, favouring the “ortho” isomer. 
 
Scheme 2.11: Regioselective rearrangement of 2-naphthyl ketene acetal 18m, favouring the “ortho” 
isomer 25m-ortho. 
2.6 Solvent Effects 
With the aim of understanding the conditions responsible for the selection of the [3,3]-
sigmatropic or radical [1,3]-reaction pathway, the solvent dependence of the procedure was 
explored. Operationally, one of the considerations in such an investigation is the limited number of 
solvents that are liquid (at ambient pressures) at the high temperatures required for rearrangement 
(~155 
o
C). Initial experiments conducted in the optimisation study (Section 2.4) demonstrated that 
heating benzyl ketene acetal in xylenes at the reflux point of the solvent (b.p. = ~140 
o
C) gave no 
[3,3]-rearranged product, but instead gave a range of other products ascribed to homolytic processes 
(see Scheme 2.5 and Figure 2.1). On the other hand, DMF (b.p. = 153 
o
C) or diglyme (b.p. = 162 
o
C) allowed clean generation of the desired arylacetates. Results in other solvents are summarised in 
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Figure 2.2. Furthermore, DMSO, also a high-boiling polar solvent (b.p. = 189 
o
C), permitted the 
Benzyl-Claisen rearrangement to proceed, though DMF or diglyme are preferable due to the ease of 
drying. In order to ensure that the generation of radical products was not an artefact of aromatic 
solvents, decalin (b.p. = ~190 
o
C), one of the few non-polar, non-aromatic, high-boiling point 
solvents available, was applied. However, when the rearrangement was conducted in this medium, 
only products derived from radical pathways were generated. Without a precise understanding of 
the solvent characteristics which controlled the course of the reaction (outside broad definitions of 
“polar” and “non-polar”), it was decided that solvent mixtures may provide further insight. Thus, a 
1:1 volume mix of a “poor” solvent (xylenes) and a “good” solvent (diglyme, which unlike DMF 
and DMSO is miscible with xylenes) was trialled, but resulted in the sole formation of the typical 
radical-mediated by-products.  
What appears to be consistent across the range of solvents tested is the distinctly binary 
nature of the reaction course, with reaction media either favouring the generation of the desired 
[3,3]-rearrangement product or the alternative products formed due to dissociative radical 
processes. The conserved characteristic among the “good” solvents for the reaction is their polar 
nature, or more precisely the presence of available Lewis-basic lone pairs. Computational 
investigations were performed to understand the role of solvent in directing the course of the 
reaction and are discussed in Sections 3.3 and 3.8. 
Finally, with the hope of taking advantage of the well-known accelerating effects of protic 
solvent on the Claisen rearrangement (see Section 1.3.2), t-butyl alcohol was examined as a reaction 
solvent. Notably, unlike other alcohols or water, t-butanol is one of the few protic solvents which 
does not add across the electron-rich ketene acetal alkene.
71
 Unfortunately, heating ketene acetal 
18a in t-butyl alcohol at reflux (83 
o
C) did not permit any reaction to occur, other than a small 
amount of hydrolysis. It is likely that the boiling point of t-butanol is too low to effect the Benzyl-
Claisen rearrangement. 
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Figure 2.2: [3,3]-sigmatropic- and radical-permitting solvents for the Benzyl-Claisen 
rearrangement. 
2.7 Attempted Synthesis of Styrenyl Acetic Acid 
Striving to further improve the synthetic utility of the Benzyl-Claisen rearrangement, the 
investigation next sought to determine if substrates possessing benzylic positions amenable to 
functionalisation were permitted in the reaction. While alkyl substituents were permitted at the 
benzylic centre (i.e. secondary benzylic ketene acetals), heteroatom-based substituents, which in 
principle offer attractive synthetic utility through further derivatisation, are difficult to install (see 
Scheme 2.12). For instance, α-substituents containing Lewis basic lone pairs (such as ethers or 
amines, see 35), in addition to being problematic to synthesise, would promote heterolysis of the 
benzylic C–O bond. On the other hand, electron-withdrawing functionalities (esters, ketones, 
nitriles, see 38) are potentially incompatible not only with the conditions used to form the ketene 
acetal, but also the ketene acetal functionality itself. One of the possible solutions envisioned to 
solve this problem was to incorporate an sp
2
-hybridised carbon at the benzylic position, as shown in 
compound 39 (Scheme 2.13). Rearrangement of 45 would give an arylacetate product 39 containing 
an alkene, which could serve as a site for further functionalisation (e.g. alkene metathesis, 
palladium-catalysed cross-coupling, Sharpless dihydroxylation, etc). The synthesis and attempted 
rearrangement of the relevant styrenyl ketene acetal 45 is shown in Scheme 2.14, and features 
double elimination of dibromo compound 44 in a manner analogous to the procedures described for 
bromoacetals in Section 2.3.  
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Scheme 2.12: Possible incompatible functional groups in the formation of heteroatom substituted 
ketene acetals 35 and 38. 
 
Scheme 2.13: Desired styrenyl acetate 39 with further transformations enabling access to useful 
products. 
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Scheme 2.14: Attempted synthesis of styrenyl phenylacetate 39. 
Bromination of styrene in water yielded the bromohydrin 43 in 79% yield. Submission of 
the benzylic alcohol to the optimised bromoacetalisation procedure (Section 2.2) then yielded 44 in 
77% yield. The derived bromoacetal 44 was then subjected to elimination with ~2 equivalents of 
KOtBu in DMF before being heated to reflux using the standard conditions (Method B). Analysis of 
the isolated crude product by GC-MS and 
1
H NMR spectroscopy indicated that the main product 
was acetophenone 46. The desired [3,3]-rearranged product 39 was not observed and no other 
products were identifiable. Given that the reaction was performed under anhydrous conditions, it is 
proposed that the desired double elimination to form intermediate 45 is facile, but the [3,3]-
rearrangement did not occur, and that the formation of acetophenone 46 is due to hydrolysis of the 
enol ether during work-up (see Scheme 2.14).  
2.8 Microwave Reactions 
Microwave irradiation is often reported to shorten reaction times, increase yields and give 
more pure products compared with processes conducted with conventional heating.
75
 Due to the 
previously reported benefits of applying microwave heating to the Claisen rearrangement,
75b,75c,76
 a 
study was launched to see if this procedure could improve the synthetic utility of the Benzyl-
Claisen rearrangement. Ketene acetal 18a was chosen as the test substrate and prepared using the 
optimised methodology (Section 2.3 and Scheme 2.6, Method A). The material was dissolved in 
diglyme to form a stock solution. Diglyme, while also being a preferred solvent in the 
conventionally heated reaction, was selected due to the combination of its thermal stability and its 
moderately polar nature, which allows for the efficient conversion of microwave energy to kinetic 
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energy. The use of DMF was considered to be hazardous, as the reactions were conducted in sealed 
vessels and DMF has a propensity to degrade to gaseous products at high temperatures.  
For the initial microwave experiment, a temperature of 200 
o
C was chosen as it was 
expected (assuming a doubling of the rate for every 10 
o
C increase in temperature) that this would 
allow the rearrangement to occur on a reasonable time scale (~30 minutes). Heating was conducted 
in 5 minute bursts, with ~5 min ramp up time and 20 min cooling to room temperature. To begin 
with, two 5 minute bursts were performed. GC-MS analysis of the reaction mixture indicated that 
the starting material had been consumed within the first 5 minutes. However, both GC-MS and 
1
H 
NMR analysis indicated that substantial amounts of by-products 19, 20 and 21 had been formed, 
presumably through radical-mediated processes, even though diglyme had previously been found to 
suppress the formation of such products (Section 2.6). 
1
H NMR analysis did, however, confirm the 
formation of product (δ 2.32 (s, 3H, CH3), 3.63 (s, 2H, CH2COOR)). Lower reaction temperatures 
of 190 
o
C or 180 
o
C increased the reaction time but still led to the formation of the side products. 
Reactions conducted at 200 
o
C, in fact, resulted in a cleaner crude product than those conducted at 
180 
o
C. The search for conditions to accelerate the Benzyl-Claisen rearrangement through 
microwave heating was ceased, though it is acknowledged that the reaction may proceed without 
side-reactions at lower temperatures. 
Although microwave irradiation may be of utility in the normal Claisen rearrangement, 
conventional heating is seen to be the preferred mode of effecting the Benzyl-Claisen 
rearrangement. Rate accelerations observed during microwave irradiation for other reactions, often 
due to heating above the boiling point of the solvent, could not be realised due to the sensitivity of 
the benzylic C–O bond of the substrate ketene acetal to homolysis. The narrow variance in 
temperatures between the microwave and conventional heating methods show that a relatively small 
energy difference may separate the Benzyl-Claisen rearrangement from the undesired radical 
processes. Microwave heating at the standard reaction temperature (~155 
o
C) was not investigated, 
but the conventional heating approach is preferred because of its simpler one-pot reaction set-up. 
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2.9 The Dearomatised Intermediate 
The conventional aromatic Claisen rearrangement of allyl phenyl ethers is believed to occur 
by a two-step mechanism involving an initial [3,3]-sigmatropic rearrangement followed by facile 
tautomerisation of the dearomatised intermediate. Considering an analogous pathway for the 
Benzyl-Claisen rearrangement, it was initially assumed that the [3,3]-sigmatropic rearrangement 
would likewise be the more difficult chemical transformation, and therefore the most sensitive to 
the reaction conditions (see Scheme 2.15). These assumptions, however, are not borne out by 
previous observations. As already noted, Claisen rearrangements of allylic systems are known to be 
rather robust processes, being tolerant to a range of solvents, functional groups and high 
temperatures (see Sections 1.1.1, 1.1.3 and 1.1.4). In spite of this, the Claisen rearrangements of 
benzylic substrates are difficult to effect under equivalent conditions (see Section 1.5.2). 
Consequently, a possible source for the profound solvent sensitivity of the overall reaction is not the 
initial [3,3]-rearrangement but the subsequent rearomatisation process, which may entail significant 
charge separation and be highly dependent on the polarity of the medium. In order to confirm that 
the proposed mechanism of the reaction was indeed operative (and not an alternative process which 
may explain the solvent sensitivity), it was therefore necessary to prove the intermediacy of the 
dearomatised intermediate, commonly named as an “isotoluene.” 
 
Scheme 2.15: Comparison of key steps in the Claisen and Benzyl-Claisen rearrangements. While 
the barrier for the [3,3]-sigmatropic shift is reported to be solvent insensitive, the subsequent proton 
shift in the Benzyl-Claisen rearrangement is likely to be highly solvent dependent. 
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Isotoluenes, formally 5-methylene-1,3-cyclohexadienes (o-isotoluene, 50), 3-methylene-1,4-
cyclohexadiene (p-isotoluene, 51) and derivatives thereof (see Figure 2.3), are a class of compounds 
in which the trienyl π-system is conjugated but not cyclic and therefore not stabilised by aromatic 
resonance. As a result of the strong driving force to regain aromaticity, methylenecyclohexadienes 
are prone to spontaneous rearrangement, mediated either by acids or bases, or via radical processes. 
This propensity to generate radical species led to the theory that isotoluenes may be involved in the 
spontaneous polymerisation of styrene.
77
 Due to the inherent instability of the products, synthetic 
efforts have thus far focused on neutral methods of generating the compounds. For example, 
pyrolytic elimination of carbonate esters
78
 and chelotropic elimination of carbon dioxide
77a
 and 
carbon monoxide
77b
 have been employed to generate 50. Pericyclic reactions such as the Diels–
Alder
78
 and Alder-ene rearrangements
79
 occur readily with 50 as a substrate. Dearomatised furans 
have also been reported to participate in intermolecular Alder-ene reactions.
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Figure 2.3: Parent isotoluene structures 
In an effort to determine whether the Benzyl-Claisen rearrangement involves formation of 
an intermediate isotoluene, two strategies were conceived. 
 Blocking of the ortho-positions to generate a quaternary centre, producing product 53 which 
would be incapable of rearomatisation (see Scheme 2.16). The product 53 could then 
potentially be isolated or, alternatively, be detected by spectroscopic methods. 
 
Scheme 2.16: Benzyl-Claisen rearrangement of ortho,ortho’-disubstituted benzyl ketene acetals 52 
(the “Blocked-ortho strategy”) to generate dearomatised intermediate 53 which is incapable of 
rearomatisation. 
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 Direct interception of the intermediate by a trapping reaction (55). The high reactivity of the 
latently formed functional groups (diene for Diels–Alder cycloaddition, ene for Alder-ene 
reaction) makes this a particularly attractive strategy. 
 
Scheme 2.17: Strategy for intercepting the dearomatised isotoluene by either an Alder-ene reaction 
(path a) or a Diels–Alder cycloaddition (path b). 
Results for the investigation into the blocked-ortho strategy are displayed in Scheme 2.18. 
Conveniently, mesityl alcohol 58, a 2,4,6-trisubstituted benzylic alcohol with the required ortho, 
ortho′ substitution pattern, was commercially available. Submitting this compound to standard 
bromoacetalisation conditions generated the bromomethyl acetal 59 (47% yield using NBS/EVE 9, 
89% using Br2/EVE 9/DIPEA). Following isolation of the bromoacetal 59, elimination and heating 
under reflux in DMF yielded crude material which contained two isomeric products (as deduced 
from GC-MS and 
1
H NMR spectroscopy, m/z = 220). Attempted separation by flash column 
chromatography was unsuccessful as the compounds were observed to co-elute. The isolated mixed 
fractions were therefore saponified with KOH/EtOH. Fortuitously, under the experimental 
conditions, only the major unidentified product was hydrolysed. This was later rationalised as being 
due to the increased steric crowding present in 62 (which is adjacent to a quaternary carbon) relative 
to 61. Extraction of the reaction mixture with DCM prior to acidification allowed for the successful 
separation of the compounds. Analysis of the major compound (
1
H NMR spectroscopy) revealed it 
to be the [1,3]-shift product 63.  
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Scheme 2.18: Synthesis of [1,3]-shift product 63 and dearomatised intermediate 62. 
In contrast to the major product, identification of the minor fraction proved more difficult. 
NMR spectroscopic analysis led to the tentative assignment of one of the components as the 
dearomatised product 62. Characterisation of the proposed isotoluene was complicated by the 
presence of an aromatic mesityl aldehyde, which was the major constituent of the mixture. A 
mechanism for the generation of mesityl aldehyde in this case is unknown. It is possible that Grob 
fragmentation, as is hypothesised to occur with electron-deficient aromatic systems (see Scheme 
2.8), may be a minor side reaction.  
Combined HSQC/HMBC spectra for the suspected isotoluene product 62 are reproduced in 
Figure 2.4. Formation of the dearomatised product is evidenced by the presence of characteristic 
1
H 
NMR alkene shifts at 5.39, 5.67 and 6.11 ppm. An HSQC experiment showed that these centres are 
coupled to the carbon atoms with resonances at 130.6, 126.0 and 128.3 respectively, whose 
chemical shifts are indicative of sp
2
 hybridised carbon centres. HMBC spectroscopy demonstrated 
coupling between these nuclei and other centres with signals indicative of methyl groups (
1
H NMR 
(500MHz, CDCl3) δ: 1.23, 1.76, 1.92) 
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Figure 2.4: HSQC/HMBC spectra of possible dearomatised intermediate 62 displaying interaction 
between alkene (blue) and methyl (orange) centres. HSQC (direct H–C correlation) signals are 
coloured red, HMBC (multi-bond H–C correlation) signals are coloured green. 
The proposed quaternary isotoluene 62 was observed to degrade over time when stored at 
room temperature in CDCl3. Furthermore, despite storage of the material under argon and shielding 
from light the isolated product was observed to polymerise over the course of a week (as evidenced 
by the disappearance of the ascribed alkene peaks). While the results tentatively support the 
existence of a discrete isotoluene intermediate (and therefore a [3,3]-sigmatropic mechanism for the 
Benzyl-Claisen rearrangement), the low yield, ambiguous assignment of the products and presence 
of the [1,3]-shift product 63 does not convincingly rule out the operation of other processes. 
Furthermore, the low yield of 62 relative to 63 may indicate that the free energy for the Claisen 
rearrangement of ketene acetal 60 is significantly higher than that of previously studied examples 
(Section 2.4), plausibly due to the steric interactions that occur in the transition state with the 
formation of the congested quaternary centre. This would suggest that the current system is 
unsuitable for investigating the mechanism of the Benzyl-Claisen rearrangement. Therefore, in 
order to conclusively demonstrate the existence of the dearomatised intermediate, alternative 
approaches were explored. 
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Returning to the strategy to capture the dearomatised isotoluene by reaction, it was 
considered that pericyclic rearrangements, specifically the Diels–Alder and Alder-ene 
rearrangements, would be the most likely to succeed (as displayed in Scheme 2.17). The fact that 
such cycloaddition and group transfer processes typically require high temperatures (≥150 oC) to 
achieve conversion is inconsequential as the Benzyl-Claisen rearrangement already occurs under 
such thermal conditions. The ability to utilise neutral dienophile/enophile partners (which would 
more likely tolerate the conditions for the formation of the ketene acetal), as well as the lack of 
additional reagents in the Diels–Alder/Alder-ene step (which could possibly degrade the ketene 
acetal), were also considered as a positive characteristics of the reactions. Of the two pericyclic 
processes, the Alder-ene rearrangement was preferred. It was reasoned that, unlike the Diels–Alder 
process, the Alder-ene rearrangement possesses a strong driving force in that aromaticity is restored 
in the product 56. As previously noted, precedent exists for the reaction of isotoluenes and 
dearomatised heterocycles in this manner.
79-80
 An intramolecular variant was also desired, as the 
reduced entropy of the system would translate to a lower barrier for reaction thereby maximising 
the chances of success. 
With the above considerations in mind, substrates 10n and 10o were designed to capture the 
isotoluene intermediate by an intramolecular Alder-ene reaction (Scheme 2.19). Attachment of the 
tethered alkene to the benzylic position was an obvious disconnection, with the starting materials 
being readily available benzaldehyde 64 and alkenyl Grignard reagents, which themselves are 
derived from alkyl halides/alcohols. Chain lengths of five and six were chosen, as it was expected 
that the resultant cyclopentyl and cyclohexyl systems would be the most facile to form. 
 
Scheme 2.19: Synthesis of bromoacetals 10n and 10o possessing tethered alkenes. 
Alkenyl alcohols 4n and 4o were synthesised in 67% and 53% yield from benzaldehyde 64 
and their respective alkenyl Grignard reagents (Scheme 2.19). Submission of the derived benzylic 
alcohols to the bromoacetalisation procedure generated 10n and 10o in 43% and 53% yield. 
Elimination of the hexenyl system and subsequent thermolysis generated a mixture of the ring-
closed product 24n-closed and the open-chain isomer 24n-open which was isolated in 41% yield 
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and a ratio of 2:1 after isolation by column chromatography. This ratio suggests that the rate of 
reaction for the ene process is twice that of the rearomatisation. Formation of the cyclopentyl 
system is evidenced by the appearance of a high-field doublet in the 
1
H NMR spectrum (δ: 0.52 (d, 
J = 7.1 Hz, CH3CH)) which is assigned to the methyl group. Additionally, signals assigned to the 
ethyl ester α-methylene (δ: 3.63 (d, J = 15.6 Hz, ArCHACOO), 3.73 (d, J = 15.6 Hz, ArCHBCOO)) 
are split to give an AB quartet (as they are diastereotopic). Though coupling constants of the 
benzylic methine are inconclusive as to the relative configuration of substituents around the newly 
formed ring (δ: 2.31 (qd, J = 7.3, 5.0 Hz, ring CHCH3)), it is believed, as is common with the 
formation of a 5-membered rings by the Alder-ene reaction,
81
 that the groups are cis. DFT 
calculations for the intramolecular Alder-ene reaction (presented in Section 3.7) also support the 
formation of the cis-isomer. 
 
Scheme 2.20: Trapping of the isotoluene intermediate 49n by intramolecular Alder-ene reaction to 
generate 24n-closed as well as non-Alder-ene product 24n-open. 
In contrast to the successful tandem Benzyl-Claisen/Alder-ene rearrangement of the 
hexenylphenyl ketene acetal 18n, submission of the heptenyl system 10o to the standard reaction 
conditions (which would be expected to form a 6-membered ring) only yielded the open-chain 
isomer 24o-open in 20% yield. This was accompanied by a substantial amount of tarry product; 
presumably the alkene polymerises under the forcing reaction conditions. It has been noted 
previously that the formation of 6-membered rings by the intramolecular Alder-ene reaction is 
considerably less facile than 5-membered ring formation due to lesser preorganisation required to 
bring the reacting carbon termini of the cyclopentyl system close in space.
81
 These observations are 
additionally supported by the computational data (presented in Section 3.7) 
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Scheme 2.21: Failed formation of cyclohexyl system 24o-closed by Alder-ene rearrangement, 
instead leading to open-chain isomer 24o-open. 
The results of the tandem Benzyl-Claisen/Alder-ene reaction, specifically the formation of 
ring-closed arylacetate 24n-closed from ketene acetal 18n, conclusively demonstrates the existence 
of the isotoluene intermediate in the Benzyl-Claisen rearrangement and therefore support the 
proposed mechanism as shown in Scheme 2.15. Given that 24n-closed/open and 24o were the sole 
products isolated (in yields comparable to previous examples, Section 2.4), it is difficult to envision 
a mechanism which does not involve a concerted [3,3]-sigmatropic shift. Assuming that this process 
is solvent insensitive (by analogy with the aliphatic Claisen rearrangement), this suggests that 
subsequent tautomerisation step is indeed the source of the Benzyl-Claisen rearrangements solvent 
sensitivity, though further evidence is needed to support this. Computational data for the 
intramolecular Alder-ene reaction of isotoluenes are presented in Section 3.7. Results implicating 
the proton-transfer step in the divergent pathways of the Benzyl-Claisen rearrangement are 
described in Section 3.8.   
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2.10 Conclusion 
The Benzyl-Claisen rearrangement of benzyl ketene acetals 18 has been investigated 
experimentally. A range of ethyl benzyl bromoacetals 10 were synthesised from substituted benzyl 
alcohols 4 by an improved procedure. Ethyl ketene acetals 18 were generated by the elimination of 
hydrogen bromide from the ethyl benzyl bromoacetals 10 using potassium tert-butoxide. The ketene 
acetals 18 may be isolated or used in situ for the rearrangement; the latter is operationally simpler. 
Heating of ketene acetals 18 in DMF at the reflux point of the solvent smoothly converted benzyl 
ketene acetals 18 to ethyl arylacetates 24. The solvent used in the rearrangement step was observed 
to dictate the course of the reaction. When non-polar solvents (such as xylene) were used, no [3,3]-
rearranged product was obtained; products assigned to radical homolysis/recombination processes 
were formed instead. On the other hand, reactions conducted in the polar solvents DMF, DMSO and 
diglyme produced the desired [3,3]-rearranged products 24. Bromoacetals 10 with neutral and 
electron-donating (–Me, –Ph, –Cl, –Br, –OMe and –SMe) substituents on the aromatic ring were 
well tolerated in the one-pot elimination/rearrangement process. Substrates with electron-
withdrawing aryl substituents (–NO2, –CN, –COOBn, –SO2Me, –CF3), however, were observed to 
decompose under the reaction conditions. Contrary to expectation, meta-substituted systems 18j, 
18k and 18m were observed to preferentially rearrange “towards” the existing substituent to give 
the more crowded 1,2,3-trisubstituted aromatic products. Attempts to prepare styrenyl acetate 39 
(which possesses an sp
2
 hybridised carbon at the benzylic position) by a Benzyl-Claisen approach 
were unsuccessful. Exploration of the rearrangement of 18a under microwave conditions led to the 
desired o-tolylacetate 24 as well as products formed by radical processes, even though the reaction 
was conducted in a polar solvent. It was hypothesised that this was due to homolytic processes 
becoming dominant when the reaction mixture is heated above about 155 
o
C. A trapping experiment 
involving an intramolecular Alder-ene reaction was used to confirm the involvement of the 
dearomatised intermediate 49. Thus, bromoacetal 10n was converted into cyclopentane 24n-closed 
via a tandem elimination/Benzyl-Claisen/Alder-ene reaction, thereby confirming the intermediacy 
of isotoluene 49. The length of the tether connecting the alkene to the isotoluene was important: 
bromoacetal 10o (which would be expected to form cyclohexane product 24o-closed) gave the 
regular tautomerisation product 24o-open.  
This experimental investigation has determined the fundamental conditions required for the 
Benzyl-Claisen rearrangement. In accordance with the previous literature (Section 1.5.3), it has 
been shown that benzyl groups can substitute for allyl groups in [3,3]-sigmatropic shifts. While 
there are a multitude of reactions available for the substitution of aromatic systems, new methods 
which form products in a regioselective and atom-economical manner are always in demand. The 
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tandem Benzyl-Claisen/Alder-ene reaction is particularly promising given its ability to rapidly form 
cyclic systems from simple acyclic substrates. The continuing exploration of such reactions will 
further improve our understanding of fundamental chemical processes and facilitate the synthesis of 
useful molecules. 
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2.11 Experimental Data 
General Experimental 
All reagents were purchased from Sigma Aldrich or other suppliers and, unless otherwise 
specified, were used as received without further purification. N-Bromosuccinimide was 
recrystallised from ten times its weight of hot (~95 
o
C) water and dried under high vacuum prior to 
use. 1 M KOtBu in THF was purchased from Sigma Aldrich and used without further purification. 
DMF (anhydrous, stored over molecular sieves) was purchased from RCI Labscan Limited and used 
without purification. Benzyl alcohol 4a, 4-(phenyl)phenyl)methanol 4h, 4-
(thiomethyl)phenyl)methanol 4g, 2-phenylpropan-2-ol 4w and (1,3,5-trimethylbenzene)methanol 58 
were purchased from Sigma Aldrich and used as received. 
Melting points were conducted on a SRS Digimelt MPA161 machine and are uncorrected. 
Microwave reactions were performed in a CEM Discover SP microwave reactor operated with the 
Discover software package (version 1.15). NMR spectroscopy was conducted on Bruker 300MHz, 
400MHz or 500MHz machines. All shifts are reported as parts per million (ppm). Spectra are 
referenced to the solvent residual peak (CDCl3: 
1
H = 7.26, 
13
C = 77.0). Gas chromatography/mass 
spectroscopy was performed on a Shimadzu GC-MS QP-5000 (Flow rate = 1 ml/min, Split ratio = 
27, Injection temp. = 200 
o
C, Interface temp. = 250 
o
C. Method: 4 min at 50 
o
C, 14 
o
C/min to 250 
o
C, hold 7 min, solvent cut at 2.3 min, start acquisition at 2.35 min, end acquisition at 25.28 min). 
Low resolution electrospray mass spectroscopy was performed on a Bruker Esquire HCT (high 
capacity trap) instrument with a Bruker ESI source. High resolution mass spectroscopy was 
performed on a Bruker MicrOTOF-Q instrument with a Bruker ESI source by Mr Graham 
McFarlane of the University of Queensland.  
 
General Procedure 1: Reduction of Aldehydes/Ketones to Benzylic Alcohols (4) 
 
To 6.6 mmol (1 eq) of aldehyde in a separatory funnel was added 10 mL MeOH. To this was added 
0.38 g (10 mmol, 1.5 eq) NaBH4 in small portions. The addition took approximately 5 minutes. 
After swirling and allowing to stand for 5 minutes, 30 mL 10% HCl was added and the funnel 
swirled to ensure complete mixing. The acid mixture was extracted with 2 × 20 mL diethyl ether. 
The combined organic layers were then washed with 10 mL saturated NaHCO3 solution, dried 
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(Na2SO4) and evaporated under reduced pressure to afford the product which was sufficiently pure 
for further reaction.  
 
4-Tolylmethanol (4b) 
 
Using 1.00 g (8.5 mmol) tolualdehyde with reagents scaled as necessary. Isolated as a white solid 
(0.95 g, 7.8 mmol, 92% yield). M.p. = 58-59 
o
C, Lit. m.p. = 58-63 
o
C.
82
 
1
H NMR (CDCl3, 300 
MHz) δ 1.58 (1H, s, OH), 2.36 (1H, s, CH3Ar), 4.66 (2H, s, CH2), 7.22 (2H, d, J = 7.8 Hz, ArH), 
7.27 (2H, d, J = 7.8 Hz, ArH). 
1
H NMR spectrum matches that reported by Lee, et al.
82
 
 
(4-Chlorophenyl)methanol (4c) 
 
Isolated as a white solid (0.94 g, 6.6 mmol, quant yield). M.p. = 64 
o
C, Lit. m.p. = 68-70 
o
C.
83
 
1
H 
NMR (CDCl3, 300 MHz) δ 1.70 (1H, br s, OH), 4.65 (2H, s, CH2), 7.25-7.35 (4H, m, ArH). 
1
H 
NMR spectrum matches that reported by Zhang, et al.
84
 
 
(4-Methoxyphenyl)methanol (4d) 
 
Isolated as a colourless oil with a strong floral odour (0.94 g, 6.6 mmol, quant yield). 
1
H NMR 
(CDCl3, 300 MHz) δ 2.07 (1H, s, OH), 3.79 (3H, s, OCH3), 4.60 (2H, s, CH2), 6.88 (2H, d, J = 8.7 
Hz, ArH), 7.26 (2H, d, J = 8.7 Hz, ArH)., 
1
H NMR spectrum matches that reported by Lee, et al.
82
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(4-Fluorophenyl)methanol (4e) 
 
4-Fluorobenzaldehyde (1.16 g, 9.3 mmol) yielded 1.00 g (7.9 mmol, 85% yield) as a 
colourless oil. 
1
H NMR (CDCl3) δ: 4.67 (2H, s, CH2), 7.04 (2H, t, J = 8.7 Hz, ArH), 7.31-7.36 (2H, 
dd, J = 8.4, 5.4 Hz, ArH). 
1
H NMR spectrum matches that reported by Furuya.
85
 
 
(4-Bromophenyl)methanol (4f) 
 
 4-Bromobenzaldehyde (1.00 g, 5.4 mmol) yielded 0.97 g (5.2 mmol, 96% yield) product. 
1
H 
NMR (CDCl3, 300 MHz) δ: 4.66 (2H, s, CH2), 7.25 (2H, d, J = 8.4 Hz, ArH), 7.49 (2H, d, J = 8.4 
Hz, ArH).. 
1
H NMR spectrum matches that reported by Jia.
86
 
 
1-Phenylethanol (4i) 
 
Acetophenone (1.03g, 8.6 mmol) yielded 1.08 g (8.6 mmol, quantitative yield) as a slightly 
yellow oil. 
1
H NMR (CDCl3) δ 1.51 (3H, d, J = 6.5 Hz, CH3), 4.91 (1H, q, J = 6.5 Hz, CHOH), 
7.24-7.41 (5H, m, ArH). 
1
H NMR spectrum matches that reported by Cao.
87
 
 
 (3-Methoxyphenyl)methanol (4j) 
 
3-Methoxybenzaldehyde (1.12 g, 8.2 mmol) yielded 0.82 g (6 mmol, 73% yield) as a 
colourless oil. 
1
H NMR (CDCl3) δ 3.82 (3H, s, OCH3), 4.68 (2H, s, CH2), 6.83 (1H, m, ArH), 6.95 
(2H, m, ArH), 7.28 (1H, t, J = 8.0 Hz, ArH). 
1
H NMR spectrum matches that reported by Lee.
82
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(3-Bromophenyl)methanol (4k) 
 
3-Bromobenzaldehyde (1.59 g, 8.58 mmol) yielded 1.5 g (8.00 mmol, 93% yield) product as 
a colourless oil. 
1
H NMR (CDCl3, 400 MHz) δ: 4.70 (2H, s, CH2), 7.25 (1H, t, J = 7.7 Hz, ArH), 
7.31 (1H, m, ArH), 7.44 (1H, m, ArH), 7.56 (1H, m, ArH). 
1
H NMR spectrum matches that 
reported by Lee.
82
 
 
Naphthalen-1-ylmethanol (4l) 
 
 1-Formylnaphthalene (1.00 mL, 1.15 g, 7.4 mmol) yielded 0.99 g (6.27 mmol, 85% yield) 
product. 
1
H NMR (CDCl3, 300 MHz) δ: 5.16 (2H, s, CH2), 7.43-7.60 (4H, m, ArH), 7.83 (1H, d, J 
= 8.1 Hz, ArH), 7.89 (1H, m, ArH), 7.83 (1H, d, J = 8.1 Hz, ArH), 8.14 (1H, m, ArH). 
1
H NMR 
spectrum matches that reported by Jia.
86
 
 
Naphthalen-2-ylmethanol (4m) 
 
 2-Formylnaphthalene (1.00 g, 6.4 mmol) yielded 0.95 g (6.0 mmol, 94% yield) product. 
1
H 
NMR (CDCl3, 500 MHz) δ: 4.87 (2H, s, CH2), 7.45-7.52 (3H, m, Ar-H), 7.81-7.87 (4H, m, Ar-H). 
1
H NMR spectrum matches that reported by Murai.
88
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(4-(Dimethylamino)phenyl)methanol (4p) 
 
 4-(Dimethylamino)benzaldehyde (1.00 g, 6.7 mmol) yielded 0.91 g (6 mmol, 90% yield) 
product. 
1
H NMR (CDCl3, 400 MHz) δ: 2.96 (6H, s, N(CH3)2, 4.58 (2H, s, CH2), 6.76 (2H, br t, J = 
7.6 Hz, ArH), 7.26 (2H, d, J = 8.8 Hz, ArH). 
1
H NMR spectrum matches that reported by Pastierik, 
et al.,
89
 though the signal at 6.76 ppm is broadened. 
 
Benzylation of 4-formylbenzoic acid 
 
 Method adapted from the procedure of Fushimi, et al.
90
 In a round-bottom flask, 1.00 g 4-
formylbenzoic acid (6.7 mmol) was dissolved in DMF (12 mL) under an atmosphere of argon. To 
this was added K2CO3 (1.08 g, 7.7 mmol) and the mixture stirred. Benzyl bromide (1.0 mL, 8.4 
mmol) was then added dropwise over the course of a minute. The mixture was allowed to stir at 
room temperature under argon for 24 hours. After stirring, water (40 mL) was added to the reaction. 
The solution was transferred to a separatory funnel and extracted with 20 mL petroleum ether. The 
ether layer was taken and evaporated in vacuo to a white solid (~1.4 g). This material was directly 
reduced to the alcohol in the usual manner. As such, 1.4 g of crude material with NaBH4 (0.22 g, 
5.8 mmol) in MeOH (10 mL) gave benzyl 4-(hydroxymethyl)benzoate 4r (1.22 g, 5 mmol, 75% 
yield) as a white solid, which was used without further purification. 
1
H NMR (CDCl3, 400 MHz) δ 
4.77 (s, 2H, CH2OC=O), 5.37 (s, 2H, CH2OH), 7.31 – 7.48 (m, 7H, ArH), 8.07 (d, J = 8.5 Hz, 2H, 
ArH). 
1
H NMR matches that reported by Fushimi, et al.
90
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(4-Nitrophenyl)methanol (4s) 
 
Isolated as a yellow/orange powder (1.07 g, 6.6 mmol, quant yield). M.p. = 81 
o
C, Lit.
84
 m.p. = 88-
89 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ 1.75 (1H, br s, OH), 4.82 (2H, s, CH2), 7.52 (2H, d, J = 8.9 
Hz, ArH), 8.21 (2H, d, J = 8.9 Hz, ArH)., 
1
H NMR spectrum matches that reported by Zhang, et 
al.
84
 
 
4-(Hydroxymethyl)benzonitrile (4t) 
 
 4-Formylbenzonitrile (1.01 g, 7.6 mmol) yielded 0.67 g (5.0 mmol, 66% yield) product. 
1
H 
NMR (CDCl3, 400 MHz) δ: 4.79 (2H, s, CH2), 7.47 (2H, t, J = 10.8 Hz, ArH), 7.65 (2H, d, J = 10.5 
Hz, ArH). 
1
H NMR spectrum matches that reported by Grunberg.
91
 
 
(4-(Trifluoromethyl)phenyl)methanol (4u) 
 
 4-(Trifluoromethyl)benzaldehyde (1.00 mL, 1.29 g, 7.4 mmol) yielded 1.37 g (7.4 mmol, 
quantitative yield) as a colourless oil. 
1
H NMR (CDCl3, 500 MHz) δ: 4.78 (2H, s, CH2), 7.48 (2H, 
d, J = 7.8 Hz, ArH), 7.62 (2H, d, J = 8.2 Hz, ArH). 
1
H NMR spectrum matches that reported by 
Jia.
86
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Oxidation of ((4-thiomethyl)phenyl)methanol (4g) 
 
 In a round-bottom flask under an atmosphere of argon, ((4-thiomethyl)phenyl)methanol 4g 
(1.00 g, 6.5 mmol) was dissolved in DCM (20 mL). The mixture was stirred and cooled in an ice 
bath before m-chloroperoxybenzoic acid (77% mixture, 1.54 g, 6.8 mmol) was added portionwise 
over the course of 10 minutes. The mixture became thick and white from undissolved solids. The 
solution was left to stir in ice for 3 hours, at which point the starting material had been consumed 
(according to TLC). The mixture was transferred to a separatory funnel and washed with saturated 
NaHCO3 (30 mL). Evaporation of the organic layer in vacuo gave a low mass yield of the product. 
The aqueous layer was therefore repeated extracted with DCM (6 × 15 mL) before brine (25 mL) 
was added and the aqueous layer again extracted with DCM (3 × 15). The organic layers were 
combined, dried (Na2SO4) and evaporated in vacuo to yield (4-(methylsulfinyl)phenyl)methanol 4v 
(0.61 g, 3.6 mmol, 55% yield) which was used without further purification. 
1
H NMR (CDCl3, 400 
MHz) δ 2.72 (s, 3H, SOCH3), 4.77 (s, 2H, CH2OH), 7.52 (d, J = 8.4 Hz, 2H, ArH), 7.61 (d, J = 8.2 
Hz, 2H, ArH). 
1
H NMR matches that reported by Samanen and Brandeis.
92
 The material was also 
contaminated by a small amount of the corresponding sulfone (3.04 (s, 0.3H, SO2CH3), 4.81 (s, 
0.2H, CH2OH). 
 The corresponding sulfone, (4-(methylsulfonyl)phenyl)methanol 4q, was prepared in an 
analogous manner. As such, ((4-thiomethyl)phenyl)methanol (1.00 g, 6.5 mmol) and m-
chloroperoxybenzoic acid (77% mixture, 2.93 g, 13 mmol) with 50 mL DCM yielded 0.91 g (4-
(methylsulfonyl)phenyl)methanol (4.9 mmol, 76% yield) which was used without further 
purification. 
1
H NMR (CDCl3, 400 MHz) δ 3.05 (s, 3H), 4.82 (s, 2H), 7.57 (dd, J = 7.9, 0.7 Hz, 
2H), 7.90 – 7.94 (m, 2H). 1H NMR matches that reported by Pelkey, et al.93 
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Bromohydrin Formation: Synthesis of 2-Bromo-1-phenylethanol (43) 
 
 
In a round-bottom flask, 1.55 g (8.7 mmol) N-bromosuccinimide was added to 5 mL of 
water. The suspension was stirred before styrene (1 mL, 8.7 mmol) was added in one portion. The 
progress of the reaction was monitored by TLC. After stirring overnight, the solution was extracted 
with 2 × 10 mL diethyl ether. The organic layer was washed with 2 × 10 mL water, dried (Na2SO4) 
and evaporated in vacuo to yield 1.39 g (6.9 mmol, 79 % yield) of a colourless oil. The crude 
product was used without further purification.  
1
H NMR (CDCl3, 300 MHz) δ: 3.58 (1H, dd, J = 10.5, 9.0 Hz, CHABr), 3.67 (1H, dd, J = 
10.5, 3.3 Hz, CHBBr), 4.96 (1H, dd, J = 9.0, 3.3 Hz, PhCH), 7.27-7.50 (5H, m, Ar-H). 
1
H NMR 
spectrum matches that reported by Wieczorek.
94
 
 
Deoxyhalogenation of Alcohols: Synthesis of 6-iodohex-1-ene 
 
 To a dry round-bottom flask under an atmosphere of argon was added 30 mL DCM, 0.95 g 
(14 mmol) imidazole and 3.66 g (14 mmol) triphenylphosphine. The mixture was stirred until clear 
then it was cooled in ice. Iodine (3.55 g, 14 mmol) was then added portion-wise. The solution was 
observed to change from clear to cloudy orange. 5-Hexen-1-ol was added dropwise and the 
suspension was observed to change to cloudy white. The flask was removed from the ice bath and 
allowed to stir at room temperature. After the alcohol starting material had been consumed (as 
determined by TLC, 25 minutes), the reaction was quenched by the addition of 2 g Na2S2O3 in 10 
mL water. The mixture was then poured into a separatory funnel, and the organic layer collected. 
The remaining aqueous layer was extracted with 3 × 10 mL DCM. The organic phases were then 
combined and washed with 20 mL brine, dried (Na2SO4), filtered and evaporated in vacuo to a 
sticky, white solid. The crude mixture was redissolved in the minimum amount of DCM before 
petroleum ether was added to precipitate triphenylphosphine oxide (approx. 100 mL total). The 
mixture was then filtered through a pad of silica. Evaporation in vacuo provided 1.86 g (8.8 mmol, 
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88% yield) product which was pure by 
1
H NMR spectroscopy analysis (the dilution/filtration 
process may be repeated as necessary to remove any remaining triphenylphosphine oxide if 
present).  
 
1
H NMR (CDCl3, 500 MHz) δ: 1.50 (2H, quintet, J = 4.2 Hz, CH2), 1.79-1.90 (2H, m, CH2), 
2.04-2.13 (2H, m, CH2), 3.19 (2H, t, J = 7.0 Hz, ICH2), 4.97 (1H, ddt, J = 10.2, 2.0, 1.2 Hz, alkene 
CH), 5.02 (1H, ddt, J = 17.1, 2.1, 1.6 Hz, alkene CH), 5.79  (1H, ddt, J = 16.9, 10.2, 6.7 Hz, alkene 
CH). 
1
H NMR spectrum matches that reported by Baldwin.
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Alternatively, liquid bromine (0.72 mL, 14 mmol) may be used instead of iodine. This 
yields 0.97 g (6 mmol, 60% yield) of 6-bromohex-1-ene.  
1
H NMR (CDCl3, 500 MHz) δ: 1.50-1.60 (2H, m, CH2), 1.83-1.93 (2H, m, CH2), 2.05-2.13 
(2H, m, CH2), 3.42 (2H, t, J = 6.8 Hz, BrCH2CH2), 4.98 (1H, ddt, J = 10.2, 2.0, 1.2 Hz, alkene 
CH), 5.03 (1H, ddt, J = 17.1, 2.0, 1.6 Hz, alkene CH), 5.80 (1H, ddt, J = 16.9, 10.2, 6.7 Hz, alkene 
CH). 
1
H NMR spectrum matches that reported by Negishi.
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General Procedure 2: Addition of Organomagnesiums (Grignards) to Aromatic Aldehydes: 
Representative example: 1-Phenylhex-5-en-1-ol 4n 
 
 To a dry two-necked flask equipped with a reflux condenser and a pressure equalising 
dropping funnel was added 0.26 g (10.8 mmol) oven-dried and ground magnesium. Diethyl ether (5 
mL) was added to cover the magnesium. The dropping funnel was charged with 5-bromopent-1-ene 
(1.28 mL, 10.8 mmol) and a few drops were added to the flask. The flask was gently heated with a 
heat gun to initiate the reaction. Once a persistent bubbling was observed the bromide was diluted 
with 10 mL diethyl ether and the mixture added at such a rate to maintain a gentle reflux. Once the 
addition was complete the mixture was allowed to stir at room temperature for 20 minutes with 
occasional gentle heating with a heat gun to ensure completion of the reaction. Benzaldehyde (1.0 
mL, 9.8 mmol) was then added to the dropping funnel and diluted with 10 mL diethyl ether. The 
benzaldehyde solution was then added drop-wise at such a rate so as to maintain a gentle reaction. 
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Alternatively, the flask may be cooled in an ice bath for the benzaldehyde addition. Once complete, 
the mixture was left to stir for an hour at room temperature. The reaction was then quenched with 
5% HCl (10 mL, CAUTION: exothermic reaction), poured into a separatory and the aqueous phase 
removed. The organic layer was then washed with 10 mL sat. NaHCO3 and then dried (Na2SO4), 
filtered and concentrated in vacuo to give a clear, slightly yellow oil. Purification by column 
chromatography (20% EtOAc in petroleum ether) yielded 1.16 g (6.6 mmol, 67% yield) of the title 
compound as a colourless oil. 
 
1-Phenylhex-5-en-1-ol  (4n) 
 
 
1
H NMR (CDCl3, 300 MHz) δ: 1.33-1.88 (5H, m, (CH2)2 and OH), 2.09 (2H, qt, J = 7.1, 1.5 
Hz, CH2), 4.69 (1H, dd, J = 5.7, 7.5 Hz, ArCH), 4.90-5.05 (2H, m, 2 × alkene CH), 5.78 (1H, ddt, J 
= 16.9, 10.2, 6.7 Hz, alkene CH), 7.25-7.39 (5H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 25.1 
(CH2), 33.6 (CH2), 38.5 (CH2), 74.5 (CH(OH)), 114.7 (CH2=CH), 125.9 (Ar), 127.5 (Ar), 128.5 
(Ar), 138.5 (CH2=CH), 144.8 (Ar, quat). 
1
H NMR spectrum matches that reported by Herbert.
97
 
 
1-Phenylhept-6-en-1-ol  (4o) 
 
 As per general procedure 2. 6-Bromohex-1-ene (0.97 g, 6.0 mmol) used as the bromide 
component with other reagents scaled accordingly yielded 0.61 g (3.2 mmol, 53% yield) product as 
a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.36-1.80 (7H, m, (CH2)3 and OH), 2.03 (2H, q, J = 
6.9 Hz, CH2), 4.67 (1H, dd, J = 5.8, 7.5 Hz, ArCH), 4.89-5.04 (2H, m, 2 × alkene CH), 5.80 (1H, 
ddt, J = 16.9, 10.2, 6.7 Hz, alkene CH), 7.27-7.4 (5H, m, Ar-H). 
1
H NMR spectrum matches that 
reported by Paradas.
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General Procedure 3: Synthesis of Bromoacetals (10): Method A: 
 
Adapted from Middleton and Simpkins.
99
 To a round-bottom flask shielded from light 
(aluminium foil), under an atmosphere of nitrogen and cooled to 0 
o
C was added consecutively 20 
mL DCM, 9.6 mmol of the requisite alcohol and at least 11.5 mmol ethyl vinyl ether (the reaction 
was often carried out with 3 mL of ethyl vinyl ether). The solution was stirred and 10.1 mmol of 
NBS was immediately added portion-wise. The addition took approximately 5 minutes. The 
solution was stirred at 0 
o
C for 1 hour then removed from the ice bath and stirred overnight. The 
reaction mixture was diluted with 20 mL petroleum ether and filtered to remove any precipitate 
(succinimide). The filtrate was concentrated under reduced pressure and purified by column 
chromatography (5% EtOAc in petroleum ether) to afford the title compound. 
 
General Procedure 3: Synthesis of Bromoacetals (10): Method B: 
 
 To a dry round-bottom flask under argon and cooled in an ice bath was added 50 mL DCM. 
To this 0.5 mL (9.4 mmol) bromine (CAUTION: volatile corrosive, use in efficient fume hood with 
appropriate protective equipment) dissolved in approximately 4 mL DCM was added. Ethyl vinyl 
ether (1.00 mL, 10.3 mmol) was then added by syringe drop-wise, the mixture changed from red-
brown to clear (indicating complete consumption of bromine). The mixture was left to stir at 0 
o
C 
for 5 minutes before DIPEA (1.8 mL, 10.3 mmol) was added in one portion followed by the 
requisite alcohol (6.3 mmol) dropwise. Once addition was complete, the reaction flask was removed 
from the ice bath and allowed to stir at room temperature under argon. After stirring overnight, the 
mixture was washed with 30 mL saturated NaHCO3 solution then 30 mL brine. The organic phase 
was dried with Na2SO4, filtered and evaporated in vacuo to a brown oil.  
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The crude product was purified by a silica plug as follows. A pad of silica (2 cm high, 7 cm 
in diameter) was formed inside a sintered glass filter funnel and wetted with ~100 mL solvent (5% 
ethyl acetate in petroleum ether). The solvent was allowed to drain into a receiving flask under 
gravity till at the top layer of the silica. At this point, the crude sample was loaded carefully on to 
the top of the silica with the aid of a pipette, taking care not to disturb the layer and allowing 
solvent to drain under influence of gravity. Solvent (30 mL) was then added by pipette to ensure the 
sample was loaded onto the silica. Sand (approximated 1 cm thick) was then applied to the surface 
and the plug washed through with ~100 mL solvent. TLC was used to test for the presence of 
product, fractions being collected in 100 mL amounts and tested individually. In this instance, the 
product mainly eluted in the first two fractions, with the third fraction being partially contaminated 
and therefore was discarded. Evaporation of the fractions in vacuo gave the purified product. 
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((2-Bromo-1-ethoxyethoxy)methyl)benzene  (10a) 
 
Using general procedure 3, method A, benzyl alcohol 4a (1.04 g) yielded 2.22 g (89%) of 
product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.23 (3H, t, J = 6.9 Hz, CH2CH3), 3.41 
(2H, d, J = 5.4 Hz, CH2Br), 3.54-3.78 (2H, m, OCH2CH3), 4.58 (1H, d, J = 11.7 Hz, OCHAPh), 
4.69 (1H, d, J = 11.7 Hz, OCHBPh), 4.78 (1H, t, J = 5.4 Hz, O(O)CHCH2Br), 7.27-7.40 (5H, m, Ar-
H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.2 (CH3), 31.6 (BrCH2), 62.4 (OCH2CH3), 68.4 (PhCH2O), 
100.9 (CH(OR)(OR
2
)), 127.8 (Ar), 128.5 (Ar, double intensity), 137.5 (Ar, quat). HRMS: 
C11H15BrNaO2
+
. Calculated: 281.0148, Found: 281.0124.  
Using general procedure 3, method B, benzyl alcohol 4a (1 mL, 9.6 mmol) yielded 2.38 g 
(9.2 mmol, 96% yield) product as a colourless oil. 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-methylbenzene  (10b) 
 
Using general procedure 3, method A, 4-methylbenzyl alcohol 4b (0.93 g, 7.4 mmol) 
yielded 1.23 g (4.5 mmol, 61% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.22 (3H, t, J = 7.0 Hz, CH2CH3), 2.33 (3H, s, Ar-CH3), 3.39 (2H, d, J = 5.5 Hz, CH2Br), 3.63 (2H, 
m, OCH2CH3), 4.54 (1H, d, J = 11.5 Hz, OCHAPh), 4.64 (1H, d, 11.5 Hz, OCHBPh), 4.75 (1H, t, J 
= 5.5 Hz, O(O)CHCH2Br), 7.14 (2H, d, J = 8.0 Hz, Ar-H), 7.24 (2H, d, J = 8.0 Hz, Ar-H). 
13
C 
NMR (CDCl3, 75 MHz) δ: 15.2 (CH2CH3), 21.2 (Ar-CH3), 31.7 (BrCH2), 62.3 (CH2CH3), 68.4 
(ArCH2), 100.7 (CHCH2Br), 128.0 (Ar), 129.1 (Ar), 134.4 (Ar quat), 137.6 (Ar quat). HRMS: 
C12H17BrO2Na
+
. Calculated: 295.0304, Found: 295.0308.  
Using general procedure 3, method B, 4-methylbenzyl alcohol (0.97 g, 8 mmol) yielded 
~2.0 g (8 mmol, quantitative yield) product as a colourless oil. 
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1-((2-Bromo-1-ethoxyethoxy)methyl)-4-chlorobenzene  (10c) 
 
 Using general procedure 3, method A, 4-chlorobenzyl alcohol 4c (0.88 g, 6.3 mmol) yielded 
1.20 g (4.1 mmol, 65% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.25 (3H, 
t, J = 6.9 Hz, CH2CH3), 3.42 (2H, d, J = 5.4 Hz, CH2Br), 3.64 (2H, m, CH2CH3), 4.57 (1H, d, J = 
11.7 Hz, OCHAPh), 4.67 (1H, d, J = 11.7 Hz, OCHBPh), 4.78 (1H, t, J = 5.4 Hz, CHCH2Br), 7.32 
(4H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.3 (CH3), 31.6 (BrCH2), 62.6 (CH2CH3), 67.7 
(ArCH2), 101.1 (CH(OR)(OR
2
)), 128.7 (Ar), 129.2 (Ar), 136.1 (Ar, quat), 168.8 (Ar, quat). HRMS: 
C11H14BrClNaO2
+
. Calculated: 314.9758, Found: 314.9755.  
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-methoxybenzene  (10d) 
 
 Using general procedure 3, method A, 4-methoxybenzyl alcohol 4d (0.93 g, 6.7 mmol) 
yielded 1.24 g (4.3 mmol, 64% yield) product as a yellow oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.25 
(3H, t, J = 7.2 Hz, CH2CH3), 3.41 (2H, d, J = 5.4 Hz, CH2Br), 3.65 (2H, m, CH2CH3), 3.82 (3H, s, 
CH3O), 4.54 (1H, d, J = 11.4 Hz, OCHAPh), 4.65 (1H, d, J = 11.4 Hz, OCHBPh), 4.77 (1H, t, J = 
5.4 Hz, CHCH2Br), 6.89 (2H, d, J = 8.7 Hz, Ar-H), 7.30 (2H, d J = 8.7 Hz, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 15.2 (CH3), 31.7 (BrCH2), 55.3 (OCH3), 62.3 (CH2CH3), 68.3 (PhCH2), 100.6 
(CH(OR)(OR
2
)), 113.9 (Ar), 129.5 (Ar, quat), 129.5 (Ar), 159.4 (Ar, quat). HRMS: 
C12H17BrNaO3
+
. Calculated: 311.0253, Found: 311.0262.  
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1-((2-Bromo-1-ethoxyethoxy)methyl)-4-fluorobenzene  (10e) 
 
Using general procedure 3, method A, (4-fluorophenyl)methanol 4e (1.00 g, 7.9 mmol) 
yielded 0.52 g (1.8 mmol, 23% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.25 (3H, t, J = 6.9 Hz, CH2CH3), 3.42 (2H, d, J = 5.4 Hz, CH2Br), 3.50-3.90 (2H, m, CH2CH3), 
4.57 (1H, d, J = 11.7 Hz, OCHAPh), 4.67 (1H, d, J = 11.7 Hz, OCHBPh), 4.78 (1H, t, J = 5.4 Hz, 
CHCH2Br), 7.05 (2H, t, J = 8.7 Hz, Ar-H), 7.34 (2H, dd, J = 9.0, 5.4 Hz, Ar-H). 
13
C NMR (CDCl3, 
75 MHz) δ: 15.1 (CH3), 31.5 (BrCH2), 62.4 (CH2CH3), 67.7 (PhCH2), 100.9 (CH(OR)(OR
2
)), 
115.3 (d, J = 21.4 Hz, Ar), 129.6 (d, J = 8.2 Hz, Ar), 133.2 (d, J = 3.2 Hz, Ar, quat), 162.4 (d, J = 
246.1 Hz, Ar, quat). HRMS: C11H14BrFNaO2
+
: Calculated: 299.0053, Found: 299.0063.  
Using general procedure 3, method B, (4-fluorophenyl)methanol 4e (1.00 g, 8.2 mmol) 
yielded 2.1 g (7.4 mmol, 90% yield) product. 
 
1-Bromo-4-((2-bromo-1-ethoxyethoxy)methyl)benzene (10f) 
 
 As per general procedure 3, method B, (4-bromophenyl)methanol 4f (0.97 g, 5.2 mmol) 
yielded 1.12 g (3.3 mmol, 64% yield) product as a colourless oil. 
1
H NMR (CDCl3, 400 MHz) δ: 
1.24 (3H, t, J = 7.0 Hz, CH2CH3), 3.41 (2H, d, J = 5.5 Hz, CH2Br), 3.56-3.73 (2H, m, CH2CH3), 
4.55 (1H, d, J = 12.0 Hz, OCHAPh), 4.65 (1H, d, J = 11.9 Hz, OCHBPh), 4.77 (1H, t, J = 5.5 Hz, 
CHCH2Br), 7.25 (2H, d, J = 8.5 Hz, Ar-H), 7.48 (2H, d, J = 8.4 Hz, Ar-H). 
13
C NMR (CDCl3, 75 
MHz) δ: 15.2 (CH3), 31.5 (BrCH2), 62.5 (CH2CH3), 67.5 (ArCH2O), 100.9 (CH(OR)(OR
2
)), 121.7 
(Ar, quat), 129.4 (Ar), 131.6 (Ar), 136.5 (Ar, quat). HRMS: C11H14Br2NaO2
+
. Calculated: 360.9232, 
Found: 360.9237.  
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(4-((2-Bromo-1-ethoxyethoxy)methyl)phenyl)(methyl)sulfane  (10g) 
 
 Using general procedure 3, method B, (4-(thiomethyl)phenyl)methanol 4g (1.47 g, 9.5 
mmol) yielded 2.06 g (6.7 mmol, 71%) of product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) 
δ: 1.24 (3H, t, J = 7.2 Hz, CH2CH3), 2.48 (3H, s, SCH3), 3.41 (2H, d, J = 5.4 Hz, CH2Br), 3.55-3.75 
(2H, m, CH2CH3), 4.55 (1H, d, J = 11.7 Hz, OCHAPh), 4.64 (1H, d, J = 11.7 Hz, OCHBPh), 4.77 
(1H, t, J = 5.4 Hz, CHCH2Br), 7.23-7.31 (2H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.2 (CH3), 
15.9 (SCH3), 31.6 (BrCH2), 62.4 (CH2CH3), 68.0 (PhCH2), 100.8 (CH(OR)(OR
2
)), 126.7 (Ar-H, 
double intensity), 128.4 (Ar-H, double intensity), 134.3 (Ar, quat), 138.1 (Ar, quat). HRMS: 
C12H17BrNaO2S
+
. Calculated: 327.0025, Found: 327.0027.  
 
4-((2-Bromo-1-ethoxyethoxy)methyl)-1,1'-biphenyl  (10h) 
 
 Using general procedure 3, method B, (4-(phenyl)phenyl)methanol 4h (1.0 g, 5.4 mmol) 
yielded 1.75 g (5.2 mmol, 96%) of product as a white solid, m.p. = 37.9-39.4 
o
C. 
1
H NMR (CDCl3, 
400 MHz) δ: 1.27 (3H, t, J = 6.8 Hz, CH2CH3), 3.45 (2H, dd, J = 1.2, 5.6 Hz, CH2Br), 3.59-3.78 
(2H, m, CH2CH3), 4.65 (1H, d, J = 11.6 Hz, OCHAPh), 4.75 (1H, d, J = 12.0 Hz, OCHBPh), 4.83 
(1H, t, J = 5.6 Hz, CHCH2Br), 7.35 (1H, tt, J = 1.2, 7.6 Hz, Ar-H), 7.40-7.47 (4H, m, Ar-H), 7.55-
7.65 (2H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ 15.2 (CH3), 31.7 (BrCH2), 62.4 (CH2CH3), 68.2 
(ArCH2), 100.9 (CH(OR)(OR
2
)), 127.1 (Ar), 127.2 (Ar), 127.3 (Ar, quat), 128.3 (Ar), 128.8 (Ar), 
136.5 (Ar, quat), 140.81 (Ar, quat), 140.84 (Ar, quat). HRMS: C17H25BrNaO2
+
. Calculated: 
357.0461, Found: 357.0453.  
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(1-(2-Bromo-1-ethoxyethoxy)ethyl)benzene  (10i) 
 
Using general procedure 3, method A, 1-phenylethanol 4i (1.08 g, 8.9 mmol) yielded 0.96 g 
(3.5 mmol, 40% yield) product as a 1:1 mixture of inseparable diastereoisomers. 
1
H NMR (CDCl3, 
300 MHz) δ: 1.05 (1.5H, t, J = 7.2 Hz, CH2CH3), 1.24 (1.5H, t, J = 6.9 Hz, CH2CH3), 1.49 (3H, dd, 
J = 6.6, 1.1 Hz, CH3CHAr), 3.25-3.62 (4H, m, CH2CH3 and CH2Br), 4.52 (0.5H, t, J = 5.4 Hz, 
CHCH2Br), 4.65-4.83 (1.5H, m, ArCHCH3 and CHCH2Br), 7.27-7.40 (5H, m, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 15.8 (CH3CH2), 15.3 (CH3CH2), 23.5 (CH3CHO), 24.3 (CH3CHO), 32.1 
(BrCH2), 32.5 (BrCH2), 61.8 (CH2CH3), 62.4 (CH2CH3), 74.7 (ArCH(CH3)O), 75.2 
(ArCH(CH3)O), 99.2 (CH(OR)(OR
2
)), 100.5 (CH(OR)(OR
2
)), 125.4 (Ar), 126.2 (Ar), 126.5 (Ar), 
127.6 (Ar), 127.8 (Ar), 128.4 (Ar), 128.5 (Ar), 128.52 (Ar), 143.6 (Ar, quat). HRMS: 
C12H17BrNaO2
+
: Calculated: 295.0304, Found: 295.0303.  
Using general procedure 3, method B, 1-phenylethanol 4i (0.94 g, 7.7 mmol) yielded 2.15 g 
(7.7 mmol, 99% yield) product. 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-3-methoxybenzene  (10j) 
 
  Using general procedure 3, method A, (3-methoxyphenyl)methanol 4j (0.82 g, 6.0 mmol) 
yielded 0.7 g (2.4 mmol, 40% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.25 (3H, t, J = 6.9 Hz, CH2CH3), 3.43 (2H, d, J = 5.4 Hz, CH2Br), 3.56-3.75 (2H, m, CH2CH3), 
3.82 (3H, s, OCH3), 4.58 (1H, d, J = 12.0 Hz, OCHAPh), 4.69 (1H, d, J = 11.7 Hz, OCHBPh), 4.79 
(1H, t, J = 5.4 Hz, CHCH2Br), 6.85 (1H, m, Ar-H), 6.94 (2H, m, Ar-H), 7.27 (1H, t, J = 8.4 Hz, Ar-
H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.2 (CH3CH2), 31.7 (BrCH2), 55.2 (OCH3), 62.5 (CH2CH3), 
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68.3 (PhCH2), 100.9 (CH(OR)(OR
2
)), 113.1 (Ar), 113.5 (Ar), 120.0 (Ar), 129.5 (Ar), 139.1 (Ar), 
159.8 (Ar). HRMS: C12H17BrNaO3
+
: Calculated: 311.0253, Found: 311.0253.  
 Using general procedure 3, method B, (3-methoxyphenyl)methanol 4j (0.65 g, 4.7 mmol) 
yielded 1.1 g (3.9 mmol, 82% yield) product. 
 
1-Bromo-3-((2-bromo-1-ethoxyethoxy)methyl)benzene  (10k) 
 
Using general procedure 3, method A, (3-bromophenyl)methanol 4k (1.50 g, 8.0 mmol) 
yielded 1.46 g (4.3 mmol, 54% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.24 (3H, t, J = 7.0 Hz, CH2CH3), 3.43 (2H, d, 5.4 Hz, CH2Br), 3.54-3.76 (2H, m, CH2CH3), 4.57 
(1H, d, J = 12.0 Hz, OCHAPh), 4.66 (1H, d, J = 12.0 Hz, OCHBPh), 4.79 (1H, t, J = 5.5 Hz, 
CHCH2Br), 7.22 (1H, t, J = 8.0 Hz, Ar-H), 7.29 (1H, d, 7.0 Hz, Ar-H), 7.43 (1H, d, J = 8.0 Hz, Ar-
H), 7.53 (1H, s, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.1 (CH3), 31.4 (BrCH2), 62.5 (CH2CH3), 
67.3 (PhCH2), 101.0 (CH(OR)(OR
2
)), 122.5 (Ar, quat), 126.1 (Ar), 130.0 (Ar), 130.6 (Ar), 130.8 
(Ar), 139.9 (Ar, quat). HRMS: C11H14Br2NaO2
+
. Calculated: 360.9232, Found: 360.9240.  
Using general procedure 3, method B, (3-bromophenyl)methanol 4k (1.47 g, 7.9 mmol) 
yielded 2.44 g (7.2 mmol, 92% yield) product. 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)naphthalene (10l) 
 
 As per general procedure 3, method B, naphthalen-1-ylmethanol 4l (0.99 g, 6.3 mmol) 
yielded 1.83 g (5.9 mmol, 94% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.25 (3H, t, J = 6.9 Hz, CH2CH3), 3.44 (2H, d, J = 5.4 Hz, CH2Br), 3.56-3.76 (2H, m, CH2CH3), 
4.86 (1H, t, J = 5.4 Hz, CHCH2Br), 5.05 (1H, d, J = 11.7 Hz, OCHAPh), 5.18 (1H, d, J = 11.7 Hz, 
81 
 
OCHBPh), 7.42-7.58 (4H, m, Ar-H), 7.82-7.89 (2H, m, Ar-H), 8.15 (1H, m, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ 15.2 (CH3), 31.7 (BrCH2), 62.4 (CH2CH3), 66.9 (ArCH2), 100.9 
(CH(OR)(OR
2
)), 124.0 (Ar), 125.2 (Ar), 125.9 (Ar), 126.3 (Ar), 126.7 (Ar), 128.6 (Ar), 128.9 (Ar), 
131.7 (Ar, quat), 133.0 (Ar, quat), 133.8 (Ar, quat). HRMS: C15H17BrNaO2
+
. Calculated: 331.0304, 
Found: 331.0306.  
 
2-((2-Bromo-1-ethoxyethoxy)methyl)naphthalene  (10m) 
 
 Using general procedure 3, method B, naphthalen-2-ylmethanol 4m (0.95 g, 6.0 mmol) 
yielded 1.33 g (4.3 mmol, 72% yield) of product as a colourless oil. 
1
H NMR (CDCl3, 400 MHz) δ: 
1.26 (3H, t, J = 7.0 Hz, CH2CH3), 3.46 (2H, dd, J = 1.3, 5.5 Hz, CH2Br), 3.55-3.80 (2H, m, 
CH2CH3), 4.77 (1H, d, J = 12.0 Hz, OCHAPh), 4.84 (1H, t, J = 5.5 Hz, CHCH2Br), 4.87 (1H, d, J = 
12.0 Hz, OCHBPh), 7.44-7.51 (3H, m, Ar-H), 7.80-7.86 (4H, m, Ar-H). 
13
C NMR (CDCl3, 100 
MHz) δ 15.2 (CH3), 31.7 (BrCH2), 62.5 (CH2CH3), 68.5 (ArCH2), 100.9 (CH(OR)(OR
2
)), 125.8 
(Ar), 126.0 (Ar), 126.2 (Ar), 126.6 (Ar), 127.7 (Ar), 127.9 (Ar), 128.3 (Ar), 133.0 (Ar, quat), 133.2 
(Ar, quat), 134.9 (Ar, quat). HRMS: C15H17BrNaO2
+
. Calculated: 331.0304, Found: 331.0306. 
 
(1-(2-Bromo-1-ethoxyethoxy)hex-5-en-1-yl)benzene  (10n) 
 
 Using general procedure 3, method A, 1-phenylhex-5-en-1-ol 4n (1.16 g, 6.6 mmol) yielded 
0.94 g (2.9 mmol, 43% yield) product (colourless oil) as a mixture of diastereoisomers. 
1
H NMR 
(CDCl3, 300 MHz) δ: 0.97 (1.4H, t, J = 7.0 Hz, CH2CH3), 1.23 (1.6H, t, J = 7.0 Hz, CH2CH3), 1.3-
1.9 (4H, m, (CH2)3), 2.06 (2H, q, J = 7.5 Hz, CH2), 3.1-3.6 (4H, m, CH2CH3 and CH2Br), 4.44 
(0.5H, t, J = 6.0 Hz, ArCH(OH)R or CHCH2Br), 4.49 (0.5H, t, J = 6.0 Hz, ArCH(OH)R or 
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CHCH2Br), 4.60 (0.5H, t, J = 6.0 Hz, ArCH(OH)R or CHCH2Br), 4.67 (0.5H, t, J = 6.0 Hz, 
ArCH(OH)R or CHCH2Br), 4.95 (2H, m, 2 × alkene CH), 5.74 (1H, qtd, J = 6.6, 10.2, 1.2 Hz, 
alkene CH), 7.27-7.4 (5H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 14.7 (CH3), 15.3 (CH3), 25.0 
(CH2), 25.1 (CH2), 32.1 (CH2), 32.5 (CH2), 33.5 (BrCH2), 33.52 (BrCH2), 37.2 (CH2), 37.5 (CH2), 
61.7 (CH2CH3), 62.7 (CH2CH3), 78.7 (PhCHOR), 79.9 (PhCHOR), 98.9 (CH(OR)(OR
2
)), 101.0 
(CH(OR)(OR
2
)), 114.6 (CH2=CH), 114.7 (CH2=CH), 126.8 (Ar), 127.0 (Ar), 127.7 (Ar), 127.8 
(Ar), 128.3 (Ar), 128.4 (Ar), 138.4 (CH2=CH), 138.5 (CH2=CH), 141.6 (Ar, quat), 142.5 (Ar, quat). 
HRMS: C16H23BrO2. Calculated: 349.0774, Found: 349.0765.  
 
(1-(2-Bromo-1-ethoxyethoxy)hept-6-en-1-yl)benzene  (10o) 
 
 Using general procedure 3, method A, 1-phenylhept-6-en-1-ol 4o (0.61 g, 3.2 mmol) yielded 
0.58 g (1.7 mmol, 53% yield) product (colourless oil) as a mixture of diastereoisomers. 
1
H NMR 
(CDCl3, 300 MHz) δ: 0.97 (1.5H, t, J = 7.1 Hz, CH2CH3), 1.1-2.1 (9.5H, m, (CH2)4 and CH2CH3), 
3.1-3.8 (4H, m, CH2CH3 and CH2Br), 4.40-4.70 (2H, m, ArCH(OH)R and CHCH2Br), 4.94 (2H, 
m, 2 × alkene CH), 5.78 (1H, qt, J = 6.7, 10.3 Hz, alkene CH), 7.27-7.40 (5H, m, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 14.7 (CH3), 15.3 (CH3), 25.2 (CH2), 25.3 (CH2), 28.7 (CH2), 32.1 (CH2), 32.5 
(CH2), 33.6 (BrCH2), 33.61 (BrCH2), 37.6 (CH2), 38.0 (CH2), 61.7 (CH2CH3), 62.7 (CH2CH3), 
78.8 (ArCHOR), 80.0 (ArCHOR), 99.0 (CH(OR)(OR
2
)), 101.0 (CH(OR)(OR
2
)), 114.3 (CH2=CH), 
114.4 (CH2=CH), 125.9 (Ar), 126.8 (Ar), 127.0 (Ar), 127.7 (Ar), 127.8 (Ar), 128.2 (Ar), 128.3 
(Ar), 128.4 (Ar), 138.8 (CH2=CH), 138.84 (CH2=CH), 141.7 (Ar, quat), 142.6 (Ar, quat). HRMS: 
C17H25
81
BrNaO2
+
. Calculated: 365.0910, Found: 365.0923.  
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4-((2-Bromo-1-ethoxyethoxy)methyl)-N,N-dimethylaniline  (10p) 
 
 Using general procedure 3, method B, (4-(dimethylamino)phenyl)methanol 4p (0.91 g, 6.0 
mmol) yielded 1.58 g (5.2 mmol, 87%) of product as a clear yellow oil. 
1
H NMR (CDCl3, 400 
MHz) δ: 1.25 (3H, t, J = 7.2 Hz, CH2CH3), 2.95 (6H, s, N(CH3)2), 3.39 (2H, d, J = 5.6 Hz, CH2Br), 
3.51-3.55 (2H, m, CH2CH3), 4.50 (1H, d, J = 11.2 Hz, OCHAPh), 4.61 (1H, d, J = 11.2 Hz, 
OCHBPh), 4.75 (1H, t, J = 5.2 Hz, CHCH2Br), 6.74 (2H, s, Ar-H), 7.24 (2H, d, J = 8.8 Hz, Ar-H). 
13
C NMR (CDCl3, 100 MHz) δ: 15.2 (CH3), 31.9 (BrCH2), 40.9 (br, N(CH3)2), 62.2 (CH2CH3), 
68.6 (ArCH2), 100.4 (CH(OR)(OR
2
)), 112.9 (br, Ar), 129.5 (Ar). HRMS: C13H21BrNO2
+
. 
Calculated: 302.0750, Found: 302.0758. 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-(methylsulfonyl)benzene  (10q) 
 
 Using general procedure 3, method B, (4-(methylsulfonyl)phenyl)methanol 4q (0.91 g, 4.9 
mmol) yielded 1.33 g (3.9 mmol, 80%) of product as a colourless liquid. 
1
H NMR (CDCl3, 500 
MHz) δ 1.24 (3H, t, J = 7.0 Hz, CH2CH3), 3.05 (3H, s, SO2CH3), 3.45 (2H, dd, J = 5.5, 1.6 Hz, 
CH2Br), 3.60 – 3.74 (2H, m, CH2CH3), 4.69 (1H, d, J = 12.7 Hz, OCHAPh), 4.79 (1H, d, J = 12.7 
Hz, OCHBPh), 4.82 (1H, t, J = 5.5 Hz, CHCH2Br), 7.55 – 7.61 (2H, m, Ar-H), 7.91 – 7.97 (2H, m, 
Ar-H). 
13
C NMR (CDCl3, 126 MHz) δ 15.2 (CH2CH3), 31.2 (BrCH2), 44.5 (SO2CH3), 62.8 
(CH2CH3), 67.0 (ArCH2), 101.3 (CH(OR)(OR
2
)), 127.6 (Ar-H, double intensity), 128.0 (Ar-H, 
double intensity), 139.8 (Ar, quat), 144.1 (Ar, quat). HRMS: C12H17BrNaO4S
+
. Calculated: 
358.9923, Found: 358.9933. 
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Benzyl 4-((2-bromo-1-ethoxyethoxy)methyl)benzoate  (10r) 
 
 Using general procedure 3, method B, benzyl 4-(hydroxymethyl)benzoate 4r (1.15 g, 4.7 
mmol) yielded 1.58 g (4.0 mmol, 85%) of product as a colourless liquid. 
1
H NMR (CDCl3, 400 
MHz) δ 1.24 (3H, t, J = 7.0 Hz, CH2CH3), 3.43 (2H, dd, J = 5.5, 1.0 Hz, CH2Br), 3.56 - 3.75 (2H, 
m , CH2CH3), 4.66 (1H, d, J = 12.5 Hz, OCHAPh), 4.75 (1H, d, J = 12.5 Hz, OCHBPh), 4.80 (1H, t, 
J = 5.5 Hz, CHCH2Br), 5.37 (2H, s, CH2Ph), 7.31 – 7.49 (7H, m, Ar-H), 8.02 – 8.10 (2H, m, Ar-
H). 
13
C NMR (CDCl3, 101 MHz) δ 15.2 (CH2CH3), 31.4 (BrCH2), 62.6 (CH2CH3), 66.7 (ArCH2), 
67.6 (ArCH2O), 101.1 (CH(OR)(OR
2
)), 127.3 (Ar-H, double intensity), 128.1 (Ar-H, double 
intensity), 128.2 (Ar-H), 128.6 (Ar-H, double intensity), 129.5 (Ar, quat), 129.9 (Ar-H, double 
intensity), 136.0 (Ar, quat), 142.9 (Ar, quat), 166.2 (RCOOR). HRMS: C19H21BrNaO4
+
. Calculated: 
415.0515, Found: 415.0516.  
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-nitrobenzene  (10s) 
 
Using general procedure 3, method A, 4-nitrobenzyl alcohol 4s (0.93, 6 mmol) yielded 1.0 g 
(3.3 mmol, 55% yield) product as a strongly yellow oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.25 (3H, t, 
J = 7.2 Hz, CH2CH3), 3.46 (2H, d, J = 5.7 Hz, CH2Br), 3.68 (2H, m, CH2CH3), 4.77 (3H, m, 
CH2Ph and CHCH2Br), 7.55 (2H, d, J = 6.9 Hz, Ar-H), 8.22 (2H, d, J = 6.9 Hz, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 15.2 (CH3), 31.2 (BrCH2), 62.8 (CH2CH3), 66.8 (ArCH2), 101.3 
(CH(OR)(OR
2
)), 123.7 (Ar), 127.0 (Ar, quat), 127.8 (Ar), 145.1 (Ar, quat). HRMS: 
C11H14BrNNaO4
+
: Calculated: 325.9998, Found: 325.9996.  
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4-((2-Bromo-1-ethoxyethoxy)methyl)benzonitrile  (10t) 
 
 Using general procedure 3, method A, 4-(hydroxymethyl)benzonitrile 4t (0.67 g, 5.0 mmol) 
yielded 0.86 g (3 mmol, 60% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.24 
(3H, t, J = 7.2 Hz, CH2CH3), 3.43 (2H, d, J = 5.1 Hz, CH2Br), 3.56-3.75 (2H, m, CH2CH3), 4.65 
(1H, d, J = 12.9 Hz, OCHAPh), 4.75 (1H, d, J = 12.9 Hz, OCHBPh), 4.81 (1H, t, J = 5.4 Hz, 
CHCH2Br), 7.49 (2H, d, J = 8.7 Hz, Ar-H), 7.65 (2H, d, J = 8.4 Hz, Ar-H). 
13
C NMR (CDCl3, 75 
MHz) δ: 15.2 (CH3), 31.2 (BrCH2), 62.8 (CH2CH3), 67.1 (ArCH2), 101.3 (CH(OR)(OR
2
)), 111.4 
(Ar, quat), 118.7 (CN), 127.0 (Ar), 127.8 (Ar), 132.3 (Ar), 143.1 (Ar, quat). HRMS: 
C12H14BrNaNO2
+
. Calculated: 306.0100, Found: 306.0101.  
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-(trifluoromethyl)benzene  (10u) 
 
 Using general procedure 3, method B, (4-(trifluoromethyl)phenyl)methanol 4u (0.85 g, 4.8 
mmol) yielded 1.1 g (3.3 mmol, 68% yield) product as a colourless oil. 
1
H NMR (CDCl3, 300 MHz) 
δ: 1.24 (3H, t, J = 7.2 Hz, CH2CH3), 3.44 (2H, dd, J = 0.6, 5.7 Hz, CH2Br), 3.53-3.76 (2H, m, 
CH2CH3), 4.65 (1H, d, J = 11.1 Hz, OCHAPh), 4.75 (1H, d, J = 12.6 Hz, OCHBPh), 4.81 (1H, t, J = 
5.4 Hz, CHCH2Br), 7.49 (2H, d, J = 8.7 Hz, Ar-H), 7.62 (2H, d, J = 8.1 Hz, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ 15.2 (CH3CH2), 31.4 (BrCH2), 62.6 (CH2CH3), 67.3 (ArCH2), 101.2 
(CH(OR)(OR
2
)), 125.4 (q, J = 3.8 Hz, Ar), 127.6 (Ar, double intensity), 141.6 (Ar, quat). CF3 and 
C-CF3 not observed due to 
13
C-F coupling. HRMS: C12H14BrNaF3O2
+
. Calculated: 349.0021, 
Found: 349.0006.  
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(2-(2-bromo-1-ethoxyethoxy)propan-2-yl)benzene (10w) 
 
 Using general procedure 3, method B, 2-phenylpropan-2-ol 4w (1.00 g, 7.3 mmol) yielded 
1.22 g (4.3 mmol, 58%) of product as a clear liquid. 
1
H NMR (CDCl3, 300 MHz) δ: 1.12 (3H, t, J = 
7.0 Hz, CH2CH3), 1.60 (3H, s, C(CH3)2), 1.68 (3H, s, C(CH3)2), 3.19-3.54 (4H, m, OCH2CH3 and 
CH2Br), 4.61 (1H, dd, J = 6.2, 4.8 Hz, O(O)CHCH2Br), 7.22-7.40 (3H, m, Ar-H), 7.43,7.53 (2H, 
m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 15.1 (CH2CH3), 27.5 (BrCH2 or C(CH3)2), 30.0 (BrCH2 
or C(CH3)2), 32.9 (BrCH2 or C(CH3)2), 59.9 (OCH2CH3), 77.9 (C(CH3)2), 96.5 (CH(OR)(OR
2
)), 
126.0 (Ar-H, double intensity), 127.4 (Ar-H), 128.1 (Ar-H, double intensity), 145.4 (Ar, quat). 
HRMS: C13H19BrNaO2
+
. Calculated: 309.0461, Found: 309.0472.  
 
(2-Bromo-1-(2-bromo-1-ethoxyethoxy)ethyl)benzene (44) 
 
 
Using general procedure 3, method B, 2-bromo-1-phenylethanol 43 (1.39 g, 6.9 mmol) 
yielded 1.87 g (5.3 mmol, 77%) of product as a colourless oil. Present as a 1:1 mix of 
diastereomers. 
1
H NMR (CDCl3, 300 MHz) δ: 1.00 (1.5H, t, J = 6.9 Hz, CH2CH3), 1.23 (1.5H, t, J 
= 7.2 Hz, CH2CH3), 3.24-3.79 (6H, m, ArCH(OR)CH2Br, COEt(OR)CH2Br and  OCH2CH3), 4.59 
(0.5H, dd, J = 5.9, 5.2 Hz, ArCH(OR)CH2Br), 4.77 (0.5H, dd, J = 8.3, 4.6 Hz, O(O)CHCH2Br), 
4.81-4.90 (1H, m, O(O)CHCH2Br and ArCH(OR)CH2Br), 7.30-7.44 (5H, m, Ar-H). 
13
C NMR 
(CDCl3, 101 MHz) δ 14.7 (CH3), 15.1 (CH3), 31.5 (BrCH2), 32.0 (BrCH2), 35.9 (BrCH2), 36.1 
(BrCH2), 61.2 (OCH2CH3), 62.8 (OCH2CH3), 78.2 (OCHCH2Br), 79.2 (OCHCH2Br), 99.2 
(CH(OR)(OR
2
)), 102.0 (CH(OR)(OR
2
)), 126.7 (Ar), 127.1 (Ar), 128.6 (Ar), 128.6 (Ar), 128.7 (Ar), 
128.9 (Ar), 138.5 (Ar, quat), 139.7 (Ar, quat). HRMS: C12H16NaBr2O2
+
. Calculated: 372.9409, 
Found: 372.9413. 
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2-((2-Bromo-1-ethoxyethoxy)methyl)-1,3,5-trimethylbenzene (59) 
 
Using general procedure 3, method A, (1,3,5-Trimethylbenzene)methanol 58 (0.98 g, 6.7 
mmol) yielded 0.95 g (3.2 mmol, 47% yield) product as a clear oil. 
1
H NMR (CDCl3, 300 MHz) δ: 
1.27 (3H, t, J = 6.9 Hz, CH2CH3), 2.26 (3H, s, ArCH3), 2.39 (6H, s, 2 × ArCH3), 3.41 (2H, d, J = 
5.4 Hz, CH2Br), 3.59-3.79 (2H, m, OCH2CH3), 4.59 (1H, d, J = 10.5 Hz, OCH2Ph), 4.74 (1H, d, J 
= 10.2 Hz, OCH2Ph), 4.77 (1H, t, J = 5.4 Hz, O(O)CHCH2Br), 6.87 (2H, s, Ar-H). 
13
C NMR 
(CDCl3, 300 MHz) δ: 15.2 (CH3), 19.5 (ArCH3, double intensity), 21.0 (ArCH3), 31.6 (BrCH2), 
61.6 (OCH2CH3), 62.9 (PhCH2O), 100.9 (CH(OR)(OR
2
)), 129.0 (Ar), 129.1 (Ar), 130.3 (Ar, quat), 
137.9 (Ar), 137.94 (Ar). HRMS: C14H21BrNaO2
+
. Calculated: 323.0617, Found: 323.0601.  
Using general procedure 3, method B, (1,3,5-Trimethylbenzene)methanol 58 (0.99 g, 6.7 
mmol) yielded 1.80 g (6.0 mmol, 89% yield) product. 
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General Procedure 4: The Benzyl-Claisen rearrangement, Method A: 
 
To a dry two-necked round-bottom flask, under nitrogen, equipped with a rubber septum 
and a reflux condenser was added, by syringe, 1.5 equivalents of 1 M KOtBu in THF. The 
appropriate bromoacetal was then added dropwise with stirring. It was typical for the solution to 
change colour from clear/pale yellow to cloudy yellow/orange. The solution was then refluxed for 1 
hour. After allowing to cool to room temperature, the mixture was diluted with 40 mL of petroleum 
ether and quickly filtered through a sintered glass funnel lined with filter paper (washed through 
with petroleum ether). Diatomaceous earth may also be used if the filter is too porous. Care must be 
taken to avoid exposing the crude material to undue air and moisture. The filtrate was evaporated in 
vacuo to an oil. The crude material (benzyl ethyl ketene acetal) obtained was redissolved in DMF 
(to produce a 0.5 M solution based on moles of starting bromoacetal, often from 4-8 mL). The 
solution was heated at ~155 
o
C (oil bath temperature) overnight. The reaction mixture was then 
poured into 20 mL distilled water and extracted with 5 × 20 mL petroleum ether. The organic layer 
was washed with 2 × 20 mL distilled water and 20 mL brine, then dried (Na2SO4), filtered and 
evaporated in vacuo to give the crude product.  
The method was also trialled with xylene as the reaction solvent. No rearranged product was 
observed by GC-MS. Radical fission/recombination and [1,3]-shift products including bibenzyl 19 
(retention time = 8.9 min, m/z =  182 (20, M
+
), 91 (100, Bn
+
)), ethyl 3-phenylpropionate 20 
(retention time = 6.5 min, m/z =  178 (30, M
+
), 104 (100, M-COOEt), 91 (60, Bn
+
)) and diethyl 
succinate 21 (retention time = 3.3 min, m/z =  174 (1, M
+
), 129 (60, M-OEt), 101 (100, M-COOEt) 
were present. 
 
General Procedure 4: The Benzyl-Claisen rearrangement, Method B: 
 The elimination and Benzyl-Claisen rearrangement may be carried out in one pot. To a dry 
round-bottom flask, equipped with a reflux condenser, under argon was placed the requisite 
bromoacetal and DMF (to form a 0.5 M solution). To this was added 1.1 eq KOtBu. The reaction 
mixture became warm and a cloudy precipitate formed. The mixture was allowed to stir at RT for 
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30 minutes before being heated at 155 
o
C (oil bath temperature) overnight. The crude reaction 
mixture was worked up in an identical fashion to Method A. 
 
General Procedure 4: The Benzyl-Claisen rearrangement, Method C: 
 As per Method B, except diglyme is used instead of DMF. For comparison, ((2-bromo-1-
ethoxyethoxy)methyl)benzene 10a (0.98 g, 3.9 mmol) yielded 0.27 g (1.8 mmol, 46% yield) 2-(2,5-
dimethylphenyl)acetic acid 25a after rearrangement and hydrolysis. 
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(((1-Ethoxyvinyl)oxy)methyl)benzene (18a) – Modified procedure for direct isolation 
 
 Adapted from Middleton et al.
99
 ((2-Bromo-1-ethoxyethoxy)methyl)benzene 10a (1.0 g, 3.9 
mmol) was added dropwise to a solution of KOtBu (0.95 g, 8.5 mmol) in anhydrous THF (5 mL) in 
a dry round-bottom flask under an atmosphere of argon and allowed to stir at room temperature 
overnight. The reaction was observed to yellow slightly and produce a cream coloured precipitate 
(Alternatively, the reaction may be heated at reflux for 1 hour, though this causes the solution to 
discolour to a greater degree). After stirring overnight, 50 mL of petroleum ether was added to the 
stirring mixture which was then allowed to stand (without stirring) for ~15 min. The solution was 
decanted from the precipitate and passed through a coarse sintered glass funnel lined with a few 
filter papers (vacuum suction was avoided as it tended to draw the precipitate through). 
Diatomaceous earth may also be used. During filtration, the solution was protected from extraneous 
moisture by a steady stream of argon. The solution was evaporated in vacuo to yield the ketene 
acetal as a colourless oil which was used without further purification. 
 
(((1-Ethoxyvinyl)oxy)methyl)benzene  (18a) 
 
Intermediate observed in samples of crude material before reflux in DMF. 
1
H NMR (CDCl3, 
300 MHz) δ: 1.31 (3H, t, J = 7.2 Hz, CH2CH3), 3.17 (1H, d, J = 3.9 Hz, CHA=C), 3.21 (1H, d, J = 
3.9 Hz, CHB=C), 3.84 (2H, q, J = 7.2 Hz, CH2CH3), 4.85 (2H, s, PhCH2), 7.35 (5H, m, Ar-H). 
1
H 
NMR spectrum matches that reported by Middleton, et al.
99
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Ethyl 2-(o-tolyl)acetate  (24a) 
 
((2-Bromo-1-ethoxyethoxy)methyl)benzene 10a (0.97 g, 3.76 mmol) yielded 0.6 g crude 
material. 
1
H NMR (CDCl3, 300 MHz) δ: 1.26 (3H, t, J = 7.2 Hz, CH2CH3), 2.33 (3H, s, Ar-CH3), 
3.64 (2H, s, ArCH2), 4.16 (2H, q, J = 7.1 Hz, CH2CH3), 7.18 (4H, m, Ar-H). GC-MS: 6.38 min, m/z 
= 178 (20, M), 132 (15, MOCH2CH3), 105 (100, M-CH3CH2OC(O)). 
1
H NMR spectrum matches 
that reported by Zimmerman, et al.
100
 
 
Ethyl 2-(2,5-dimethylphenyl)acetate  (24b) 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-methylbenzene 10b (1.00 g, 3.66 mmol) yielded 
0.59 g crude material. 
1
H NMR (CDCl3, 300 MHz) δ: 1.23 (3H, t, J = 7.2 Hz, CH2CH3), 2.25 (3H, 
s, Ar-CH3), 2.28 (3H, s, Ar-CH3), 3.57 (2H, s, ArCH2), 4.13 (2H, q, J = 7.2 Hz, CH2CH3), 7.03 
(3H, m, Ar-H). GC-MS: 7.87 min, m/z = 192 (30, M), 146 (10, M-OCH2CH3), 119 (100, M-
CH3CH2OC(O)). 
1
H NMR spectrum matches that reported by Ishibashi, et al.
101
 
 
Ethyl 2-(5-chloro-2-methylphenyl)acetate  (24c) 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-chlorobenzene 10c (0.90 g, 3.07 mmol) yielded 
0.57 g crude material. Identified in crude product contaminated with p-chlorobenzyl alcohol and p-
chlorobenzyl acetate. 
1
H NMR (CDCl3, 300 MHz) δ: 1.26 (3H, t, J = 6.9 Hz, CH2CH3), 2.28 (3H, s, 
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Ar-CH3), 3.59 (2H, s, ArCH2), 4.17 (2H, q, J = 6.9 Hz, CH2CH3), 7.14 (3H, m, Ar-H). GC-MS: 
9.03 min, m/z = 212 (30, M), 166 (20, M-OCH2CH3), 139 (100, M-CH3CH2OC(O)) 
 
Ethyl 2-(5-methoxy-2-methylphenyl)acetate  (24d) 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-methoxybenzene 10d (1 g, 3.46 mmol) yielded 0.63 
g crude material. Identified in crude product contaminated with p-methoxybenzyl acetate and p-
methoxybenzyl alcohol. 
1
H NMR (CDCl3, 300 MHz) δ: 1.26 (3H, t, J = 6.9 Hz, CH2CH3), 2.25 
(3H, s, Ar-CH3), 3.59 (2H, s, ArCH2), 3.79 (3H, s, OCH3), 4.16 (2H, q, J = 6.9 Hz, CH2CH3), 6.75 
(2H, td, J = 8.1 Hz, 2.7 Hz, Ar-H), 7.09 (1H, d, J = 8.1 Hz, Ar-H). GC-MS: 9.59 min, m/z = 208 
(30, M), 179 (1, M-CH2CH3), 162 (1, M-OCH2CH3), 135 (100, M-COOEt).  
 
Ethyl 2-(5-fluoro-2-methylphenyl)acetate (24e) 
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-4-fluorobenzene 10e (0.5 g, 1.8 mmol) yielded 164 mg crude 
material. Identified in crude product. 
1
H NMR (CDCl3, 300 MHz) δ: 1.28 (3H, t, J = 5.4 Hz, 
CH2CH3), 2.28 (3H, s, Ar-CH3), 3.62 (2H, s, ArCH2), 4.18 (2H, q, J = 5.1 Hz, CH2CH3), 6.90 (1H, 
td, J = 6.3 Hz, 2.1 Hz, Ar-H), 6.95 (1H, dd, J = 7.2 Hz, 2.1 Hz, Ar-H), 7.14 (1H, dd, J = 6.0 Hz, 4.2 
Hz, Ar-H).  
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Ethyl 2-(5-bromo-2-methylphenyl)acetate  (24f) 
 
 As per general procedure 4, method C, 1-bromo-4-((2-bromo-1-
ethoxyethoxy)methyl)benzene 10f (1.0 g, 3.0 mmol) yielded 0.62 g crude material. 
1
H NMR 
(CDCl3, 300 MHz) δ: 1.25 (3H, t, J = 7.2 Hz, CH2CH3), 2.25 (3H, q, J = 7.6 Hz, Ar-CH3), 3.38 
(2H, s, ArCH2), 4.16 (2H, q, J = 7.2 Hz, CH2CH3), 7.04 (1H, d, J = 8.1 Hz, Ar-H), 7.46-7.51 (2H, 
m, Ar-H).  
 
Ethyl 2-(4-methyl-(1,1'-biphenyl)-3-yl)acetate  (24h) 
 
 
4-((2-Bromo-1-ethoxyethoxy)methyl)-1,1'-biphenyl 10h (1.00 g, 3.0 mmol) yielded 0.65 g 
crude material. 
1
H NMR (CDCl3, 400 MHz) δ: 1.27 (3H, t, J = 6.8 Hz, CH2CH3), 2.36 (3H, s, Ar-
CH3), 3.69 (2H, s, ArCH2), 4.17 (2H, q, J = 7.2 Hz, CH2CH3), 7.20-7.65 (8H, m, Ar-H).  
 
Ethyl 2-(2-ethylphenyl)acetate (24i) 
 
(1-(2-Bromo-1-ethoxyethoxy)ethyl)benzene 10i (0.9 g, 3.3 mmol) yielded 0.48 g crude 
material. 
1
H NMR (CDCl3, 300 MHz) δ: 1.22 (3H, t, J = 7.6 Hz, ArCH2CH3), 1.25 (3H, t, J = 7.1 
Hz, OCH2CH3), 2.67 (2H, q, J = 7.6 Hz, Ar-CH2CH3), 3.66 (2H, s, ArCH2), 4.16 (2H, q, J = 7.1 
94 
 
Hz, OCH2CH3), 7.30-7.45 (5H, m, Ar-H). 
1
H NMR spectrum matches that reported by 
Zimmerman.
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Ethyl 2-(4-methoxy-2-methylphenyl)acetate and Ethyl 2-(2-methoxy-6-methylphenyl)acetate  
(24j-ortho and 24j-para)  
 
1-((2-Bromo-1-ethoxyethoxy)methyl)-3-methoxybenzene 10j (0.6 g, 2.1 mmol) yielded 0.19 
g (0.9 mmol, 44% yield) of the mixed regioisomeric products which were isolated by column 
chromatography. NOESY NMR and integration of the methylene protons (conducted on the 
purified material) determined that the mixture consisted of 63% of the 1,2,6-product and 37% of the 
1,2,4-product. Integration of the crude material determined the mixture to be 57% 1,2,6-product and 
43% 1,2,4-product, indicating minimal enrichment of isomers. 
1
H NMR (CDCl3, 300 MHz) δ: 1.25 
(3H, td, J = 7.1, 0.9 Hz, CH2CH3), 2.29 (3H, s, Ar-CH3), 3.57 (0.7H, s, ArCH2), 3.69 (1.2H, s, 
ArCH2), 3.78 (1H, s, OCH3), 3.80 (1.9H, s, OCH3), 4.14 (2H, qd, J = 7.1, 1.9 Hz, OCH2CH3), 6.69-
6.76 (1.5H, m, Ar-H), 6.81 (0.5H, d, J = 7.6 Hz, Ar-H), 7.11 (0.4H, d, J = 8.3 Hz, Ar-H), 7.12 – 
7.17 (0.6H, t, J = 6.0 Hz, Ar-H). 
13
C NMR (CDCl3, 101 MHz) δ 14.19 (CH2CH3), 14.22 (CH2CH3), 
19.7 (Ar-CH3), 19.9 (Ar-CH3), 32.0 (Ar-CH2), 38.4 (Ar-CH2), 55.2 (OCH3), 55.6 (OCH3), 60.5 
(CH2CH3), 60.7 (CH2CH3), 108.1 (Ar), 111.1 (Ar), 115.9 (Ar), 121.9 (Ar, quat), 122.5 (Ar), 125.1 
(Ar, quat), 127.6 (Ar), 131.1 (Ar), 138.16 (ArCH3, quat), 138.24 (ArCH3, quat), 157.7 (ArOCH3, 
quat), 158.7 (ArOCH3, quat), 171.80 (COOR), 171.82 (COOR). HRMS: C12H16NaO3
+
. Calculated: 
231.0992, Found: 231.0989.  
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Ethyl 2-(4-bromo-2-methylphenyl)acetate and Ethyl 2-(2-bromo-6-methylphenyl)acetate (24k-
ortho and 24k-para) 
 
 1-Bromo-3-((2-bromo-1-ethoxyethoxy)methyl)benzene 10k (0.9 g, 2.7 mmol) yielded 0.52 
g crude material as a mixture of regioisomers. Peaks at  3.88 (2H, s, ArCH2), 2.29 (0.8H, s, Ar-
CH3) and 2.35 (3H, s, Ar-CH3) were visible in the 
1
H NMR spectrum of the crude material and are 
consistent with the products.  
 
Ethyl 2-(1-methylnaphthalen-2-yl)acetate (24l) 
 
 1-((2-Bromo-1-ethoxyethoxy)methyl)naphthalene 10l (1.0 g, 3.2 mmol) yielded 0.59 g 
crude material. 
1
H NMR (CDCl3, 300 MHz) δ: 1.24 (3H, t, J = 7.2 Hz, CH2CH3), 2.66 (2H, q, J = 
7.6 Hz, Ar-CH3), 3.85 (2H, s, ArCH2), 4.16 (2H, q, J = 7.2 Hz, CH2CH3), 7.35 (1H, d, 8.4 Hz, Ar-
H), 7.40-7.55 (2H, m, Ar-H), 7.69 (1H, d, 8.4 Hz, Ar-H), 7.82 (1H, m, Ar-H), 8.07 (1H, d, 8.1 Hz, 
Ar-H).  
 
Ethyl 2-(2-(2-methylcyclopentyl)phenyl)acetate and Ethyl 2-(2-(hex-5-en-1-yl)phenyl)acetate 
(24n-closed and 24n-open) 
 
 (1-(2-Bromo-1-ethoxyethoxy)hex-5-en-1-yl)benzene 10n (0.94 g, 2.9 mmol) yielded, after 
column chromatography, 0.29 g (1.2 mmol, 41% yield) product as a mixture of ring closed and ring 
opened isomers in a ratio of 2:1 as identified by 
1
H NMR spectroscopy. The orientation of groups 
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around the cyclopentane ring (cis/trans) could not be determined from NMR analysis. 
1
H NMR 
(CDCl3, 400 MHz) δ: 0.52 (1.9H, d, J = 7.1 Hz, CH3CH), 1.24 (3H, td, J = 7.1, 4.9 Hz, OCH2CH3), 
1.35 – 1.70 (2.5H, m, CH2), 1.81 – 2.05 (2.6H, m, CH2), 2.06 – 2.13 (0.6H, m, CH2CH=CH2), 2.31 
(0.7H, qd, J = 7.3, 5.0 Hz, ring CHCH3), 2.58 – 2.67 (0.6H, m, ArCH2), 3.30 (0.7H, dt, J = 10.4, 
7.4 Hz, ArCH), 3.63 (0.7H, d, J = 15.6 Hz, ArCHACOO), 3.64 (0.6H, s, ArCH2COO), 3.73 (0.7H, 
d, J = 15.6 Hz, ArCHBCOO), 4.11 – 4.18 (2H, m, OCH2CH3), 4.95 (0.3H, ddt, J = 10.2, 2.1, 1.2 
Hz, alkene CH), 5.01 (0.3H, ddt, J = 17.1, 2.2, 1.6 Hz, alkene CH), 5.81 (0.3H, ddt, J = 16.9, 10.2, 
6.7 Hz, alkene CH), 7.12 – 7.27 (m, 5H, Ar-H). 
Signals indicating the formation of ring closed 24n-closed. 
1
H NMR (CDCl3, 400 MHz) δ: 
0.52 (1.9H, d, J = 7.1 Hz, CH3CH), 2.31 (0.7H, qd, J = 7.3, 5.0 Hz, ring CHCH3), 3.30 (0.7H, dt, J 
= 10.4, 7.4 Hz, ArCH), 3.63 (0.7H, d, J = 15.6 Hz, ArCHACOO), 3.73 (0.7H, d, J = 15.6 Hz, 
ArCHBCOO), 4.11 – 4.18 (2H, m, OCH2CH3), 7.12 – 7.27 (m, 5H, Ar-H). 
 Signals indicating the formation of ring open 24n-open. 
1
H NMR (CDCl3, 400 MHz) δ: 
1.24 (3H, td, J = 7.1, 4.9 Hz, OCH2CH3), 2.06 – 2.13 (0.6H, m, CH2CH=CH2),  2.58 – 2.67 (0.6H, 
m, ArCH2), 3.64 (0.6H, s, ArCH2COO), 4.11 – 4.18 (2H, m, OCH2CH3), 4.95 (0.3H, ddt, J = 10.2, 
2.1, 1.2 Hz, alkene CH), 5.01 (0.3H, ddt, J = 17.1, 2.2, 1.6 Hz, alkene CH), 5.81 (0.3H, ddt, J = 
16.9, 10.2, 6.7 Hz, alkene CH), 7.12 – 7.27 (m, 5H, Ar-H) 
13
C NMR (CDCl3, 101 MHz) δ 14.16 (CH2CH3), 14.18 (CH2CH3, ring open isomer), 17.2 
(CHCH3), 23.7 (CH2), 28.8 (CH2, ring open isomer), 30.0 (CH2), 30.3 (CH2, ring open isomer), 
32.8 (CH2, ring open isomer), 33.6 (CH2, ring open isomer), 34.1, 36.1, 38.6 (CH2COO, ring open 
isomer), 38.9 (CH2COO), 45.1, 60.8 (CH2CH3), 114.5 (CH=CH2), 125.8 (Ar), 126.0, 126.7 (Ar), 
127.3, 127.8 (Ar), 129.3, 130.4 (Ar), 130.5, 132.2, 132.9, 138.7, 141.1, 141.5, 171.8 (COOR), 
171.9 (COOR). HRMS: C16H22NaO2
+
. Calculated: 269.1512, Found: 269.1508.  
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Ethyl 2-(2-(hept-6-en-1-yl)phenyl)acetate (24o) 
 
 (1-(2-Bromo-1-ethoxyethoxy)hept-6-en-1-yl)benzene 10o (0.58 g, 1.7 mmol) yielded 0.37 g 
crude material. The 
1
H NMR spectrum but showed peaks at 3.64 (2H, s, ArCH2COO) and 4.15 (2H, 
q, J = 7.2 Hz, CH2CH3) which are consistent with product formation.  
 
Elimination of 1-((2-Bromo-1-ethoxyethoxy)methyl)-4-nitrobenzene (10s) 
 
On drop-wise addition of 1-((2-bromo-1-ethoxyethoxy)methyl)-4-nitrobenzene 10s (0.5 g, 
1.64 mmol) to 2.5 mL 1 M KOtBu in THF (2.5 mmol) a large amount of black insoluble material 
was formed. The flask was observed to spontaneously heat, though not to the point of reflux. After 
leaving to cool to room temperature (5 min), 20 mL of diethyl ether was added to assist solvation 
and stirring. After 1 hour, the solution was filtered through filter paper which produced a black 
precipitate and a red/orange filtrate. Evaporation of the filtrate under reduced pressure yielded a 
syrupy, red/orange oil. 
1
H NMR was difficult to interpret with many peaks present. GC-MS analysis 
showed numerous products (>10) which were difficult to assign. The reaction was abandoned due 
to obvious reactant decomposition under the reaction conditions. 
 
  
98 
 
Elimination of 4-((2-bromo-1-ethoxyethoxy)methyl)benzonitrile (10t) 
 
 Addition of KOtBu to 4-((2-Bromo-1-ethoxyethoxy)methyl)benzonitrile in DMF caused the 
spontaneous evolution of heat and gas accompanied by rapid decomposition of the substrate 
(present as a brown/black mixture). GC-MS analysis gave evidence for multiple side products and 
showed no peaks consistent with either starting material or product. 
 
Elimination of 1-((2-bromo-1-ethoxyethoxy)methyl)-4-(trifluoromethyl)benzene (10u) 
 
 As per general procedure 4, method C, after reacting the substrate overnight, aqueous work-
up yielded a thick, red/brown oil. 
1
H NMR gave no sign of product formation. 
 
Elimination of (2-(2-bromo-1-ethoxyethoxy)propan-2-yl)benzene (10w) 
 
 (2-(2-bromo-1-ethoxyethoxy)propan-2-yl)benzene (0.99 g, 3.5 mmol) was submitted to the 
Benzyl-Claisen rearrangement, general procedure 4, method B. After reflux overnight, GC-MS 
analysis of the reaction mixture returned peaks consistent with the starting benzylic alcohol (m/z = 
136) and α-methyl styrene (m/z = 118), but no expected product formation. After work-up in the 
usual manner, 
1
H NMR spectra displayed signals also consistent with formation of α-methyl styrene 
(
1
H NMR (CDCl3, 300 MHz) δ: 2.16 (3H, dd, J = 1.5, 0.8 Hz, CH3), 5.02 – 5.18 (1H, m, =CH2), 
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5.37 (1H, dd, J = 1.6, 0.8 Hz, =CH2), 7.14 – 7.61 (m, Ar)) in addition to methyl signals consistent 
with the starting alcohol 4w (δ: 1.60 (3H, s, (CH3)2) as well as other unidentified peaks. The 
reaction was abandoned. 
 
Rearrangement of (2-Bromo-1-(2-bromo-1-ethoxyethoxy)ethyl)benzene (44) 
 
 (2-Bromo-1-(2-bromo-1-ethoxyethoxy)ethyl)benzene 44 (0.72 g, 2.0 mmol) was submitted 
to the Benzyl-Claisen rearrangement, general procedure 4, method B with KOtBu (0.55 g, 4.9 
mmol) and diglyme (8 mL). After heating at reflux overnight, GMCS analysis displayed a peak 
consistent with acetophenone (m/z = 120). Work-up in the usual manner gave 0.21 g of a fragrant 
oil (odour of cough syrup). Analysis by 
1
H NMR spectroscopy gave peaks consistent with 
acetophenone. No signals were present corresponding to either the starting material, intermediate or 
product.  
1
H NMR (CDCl3, 300 MHz) δ 2.61 (s, 3H), 7.41 – 7.52 (m, 2H), 7.52 – 7.63 (m, 1H), 7.92 
– 8.01 (m, 2H). 1H NMR spectrum matches that reported by Gonzalez-De-Castro and Xiao.102 
 
Rearrangement of 2-((2-Bromo-1-ethoxyethoxy)methyl)-1,3,5-trimethylbenzene (59) 
 
2-((2-Bromo-1-ethoxyethoxy)methyl)-1,3,5-trimethylbenzene 59 (0.9 g, 3 mmol) was 
submitted to the Benzyl-Claisen rearrangement, general procedure 4, method B. After reflux 
overnight, GC-MS analysis displayed 2 peaks consistent with the rearranged product (m/z = 220). 
Column chromatography yielded 0.3 g of a yellow oil. 
1
H and 
13
C NMR indicated a mixture of 
products. The mixture was submitted to general procedure 5 in an attempt to separate the 
compounds. Extraction of the basic layer with DCM (3 × 10 mL) yielded, after evaporation in 
vacuo, 77 mg of a mixture of compounds. Extraction of the acidic layer yielded 192 mg (0.9 mmol, 
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32% yield) of the [1,3]-shift product 63. 
1
H NMR (CDCl3, 500 MHz) δ: 2.25 (3H, s, Ar-CH3), 2.31 
(6H, s, Ar-CH3), 2.49 (2H, m, CH2CH2COOH), 2.96 (2H, m, CH2CH2COOH), 6.85 (2H, s, Ar-H). 
Column chromatography of the basic extract yielded 28 mg of a yellow oil. Analysis by 
1
H 
NMR and GC-MS suggested a mixture of 1,3,5-trimethylbenzaldehyde (δ: 10.58 (1H, s, ArC(O)H) 
and 6.91 (2H, s, ArH)), 1,3,5-trimethylbenzyl alcohol (δ: 6.86 (2H, s, ArH)) and an unidentified 
product containing an alkene which may be consistent with the 3,3-rearranged product 62 (δ: 5.67 
(1H, bs), 5.39 (1H, bs), 5.21 (1H, t, J = 1 Hz), 5.07 (1H, d, J = 2 Hz), 4.75 (1H, d, J = 10.5 Hz), 
4.55 (1H, d, J = 10.8 Hz). The alkene peaks were observed to disappear after leaving overnight in 
deuterated chloroform. After 4 days of standing at room temperature the compound was observed to 
form a gluey gel. 
1
H NMR gave further evidence of the compounds decomposition. 
 
Conditions for Microwave Reactions 
 
Ethyl benzyl ketene acetal 18a (0.71 g, 4 mmol, generated from the modified conditions for 
direct isolation) was dissolved in anhydrous diglyme (12 mL) to give a 0.33 M solution. A 4 mL 
aliquot was taken, added to the microwave reactor vessel (10 mL volume), sealed with a disposable 
top and heated to 200 
o
C for 5 minutes (4.5 min ramp up to temp, 5 min hold, 20 min ramp down to 
~60 
o
C). GC-MS analysis indicated the production of the [3,3]-shift product 24a, [1,3]-shift side-
product 20 and bibenzyl 19. Work-up in the usual manner and analysis of the crude product by 
1
H 
NMR spectroscopy showed peaks corresponding to the desired product 24a (CDCl3, 300 MHz: δ 
2.32 (s, 3H, CH3), 3.63 (s, 2H, CH2COOR)) as well as peaks corresponding to bibenzyl 19 (3.39 (s, 
1.13H, CH2). 
The reaction was repeated at 190 
o
C (four 5 minute bursts) and 180 
o
C (eight 5 minute 
bursts). Analysis by 
1
H NMR spectroscopy again showed peaks consistent with formation of 24a 
(2.32 (s, 3H, CH3)), though significant amounts of bibenzyl 19 were also formed (3.39 (s, 5.77H, 
CH2) 
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General Procedure 5: Hydrolysis of Esters to Carboxylic Acids 
 The crude ester 24 from the previous step was dissolved in 5 mL absolute ethanol and stirred 
at room temperature. To this was added 2 equivalents of solid KOH (pellet, assuming crude 
material is 100% ester product). The KOH was observed to dissolve slowly with stirring. The 
solution was stirred overnight. TLC/GC-MS indicated that all the starting material had been 
consumed. The mixture was diluted with distilled water and extracted with 3 × 10 mL DCM to 
remove any neutral material. The aqueous layer was taken and acidified to pH 1 with approximately 
1 mL 32% hydrochloric acid which caused the precipitation of an oil. The aqueous layer was then 
extracted with 3 × 10 mL DCM. The combined organic layers were dried (Na2SO4), filtered and 
evaporated under reduced pressure provide the product. Drying of the residual oil (remaining after 
evaporation of the bulk of the solvent) with a stream of nitrogen was sometimes necessary to induce 
crystallization of the solid carboxylic acids. 
 
2-(o-Tolyl)acetic acid  (25a) 
 
Crude ethyl 2-(o-tolyl)acetate 24a (0.6 g) yielded 0.33 g (2.2 mmol, 60% yield from 
bromoacetal 10a, Method A) product which was pure by 
1
H NMR spectroscopy. Recrystallization 
from petroleum ether gave an off white crystals, m.p. = 84.8-86.9 
o
C, lit.
103
 m.p. = 88-89 
o
C. 
1
H 
NMR (CDCl3, 300 MHz) δ: 2.31 (3H, s, Ar-CH3), 3.65 (2H, s, ArCH2, 7.17 (4H, m, Ar-H). GC-
MS: 6.89 min, m/z = 150 (40, M), 132 (1, M-OH), 105 (100, MCOOH). 
1
H NMR spectrum matches 
that reported by Prahlad and Dev.
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Using Method B, ((2-Bromo-1-ethoxyethoxy)methyl)benzene 10a (0.5 g, 1.9 mmol) yielded 
0.14 g (0.93 mmol, 50% yield) product. 
Using Method C, ((2-Bromo-1-ethoxyethoxy)methyl)benzene 10a (0.98 g, 3.9 mmol) 
yielded 0.27 g (1.8 mmol, 47% yield) product. 
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2-(2,5-Dimethylphenyl)acetic acid (25b) 
 
Crude ethyl 2-(2,5-dimethylphenyl)acetate 24b (0.52 g) gave 0.28 g (1.7 mmol, 46% yield 
from bromoacetal 10b) product which was pure by 
1
H NMR spectroscopy. Isolated as a cream 
coloured solid, m.p. = 125-126 
o
C, lit.
104
 m.p = 128-129 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.26 
(3H, s, Ar-CH3), 2.28 (3H, s, Ar-CH3), 3.61 (2H, s, Ar-CH2), 7.05 (3H, m, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 19.0 (Ar-CH3), 20.8 (Ar-CH3), 38.7 (ArCH2), 128.4 (Ar), 130.3 (Ar), 131.0 
(Ar), 131.7 (Ar, quat), 133.7 (Ar, quat), 135.7 (Ar, quat), 176.8 (-COOH). HRMS: C10H12NaO2
+
. 
Calculated: 187.0730, Found: 187.0730. 
1
H NMR spectrum matches that reported by Silveira, et 
al.
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2-(5-Chloro-2-methylphenyl)acetic acid  (25c) 
 
Crude ethyl 2-(5-chloro-2-methylphenyl)acetate 24c (0.57 g) yielded 0.28 g (1.5 mmol, 50% 
yield from bromoacetal 10c) product which was pure by 
1
H NMR analysis. Recrystallization from 
ethanol/water yielded an off-white solid, m.p. = 90-92 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.27 (3H, 
s, CH3), 3.62 (2H, s, Ar-CH2), 6.97 (3H, m, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 19.0 (CH3), 38.3 
(ArCH2), 127.7 (Ar), 130.1 (Ar), 131.6 (Ar), 133.7 (Ar, quat), 135.4 (Ar, quat), 175.1 COOH). GC-
MS: 6.5 min, m/z = 184 (20, M), 142 (30, M-COOH), 125 (40, M-CH2COOH). HRMS: C9H8ClO2
-
. 
Calculated: 183.0218, Found: 183.0217. 
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2-(5-Methoxy-2-methylphenyl)acetic acid  (25d) 
 
Crude ethyl 2-(5-methoxy-2-methylphenyl)acetate 24d (0.63 g) yielded 0.36 g (2.0 mmol, 
58% yield from bromoacetal 10d) as a cream coloured solid which was pure by 
1
H NMR analysis. 
Recrystallization from acetone/petroleum ether gave crystals with m.p. = 100-101 
o
C, lit.
105
 m.p. = 
104 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.26 (3H, s, Ar-CH3), 3.64 (2H, s, Ar-CH2), 3.79 (3H, s, 
OCH3), 6.76 (2H, m, Ar-H), 7.10 (1H, d, J = 7.8 Hz, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 18.6 
(Ar-CH3), 39.0 (ArCH2), 55.3 (OCH3), 112.9 (Ar), 116.0 (Ar), 128.8 (Ar, quat), 131.2 (Ar), 132.9 
(Ar, quat), 157.8 (Ar, quat), 176.8 (COOH). HRMS: C10H11O3
-
. Calculated: 179.0714, Found: 
179.0710. The m.p. of this compound has been disclosed
105
 but no spectroscopic data (
1
H or 
13
C 
NMR) is reported in the literature.  
 
2-(5-Fluoro-2-methylphenyl)acetic acid  (25e) 
 
Crude ethyl 2-(5-fluoro-2-methylphenyl)acetate 24e (164 mg) yielded 71 mg (0.4 mmol, 
28% yield from bromoacetal 10e) of the product which was pure by 
1
H NMR spectroscopy. 
Recrystallization from petroleum ether gave an off-white solid, m.p. = 115.8-116.5 
o
C. 
1
H NMR 
(CDCl3, 400 MHz) δ: 2.28 (3H, s, CH3), 3.64 (2H, s, CH2COOH), 6.85 – 6.97 (2H, m, Ar-H), 7.13 
(1H, dd, J = 8.3, 5.8 Hz, Ar-H). 
13
C NMR (100 MHz, CDCl3) δ 18.8 (CH3), 38.7 (d, J = 1.7 Hz, 
CH2COOH), 114.3 (d, J = 20.6 Hz, Ar), 117.0 (d, J = 21.8 Hz, Ar), 131.6 (d, J = 7.8 Hz, Ar), 132.4 
(d, J = 3.3 Hz, Ar, quat), 133.6 (d, J = 7.7 Hz, Ar, quat), 161.1 (d, J = 243.9, Ar, quat), 177.0 
(COOH). HRMS: C9H8FO2
-
. Calculated: 167.0514, Found: 167.0507. Known compound but no 
spectral data exists.
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2-(5-Bromo-2-methylphenyl)acetic acid  (25f) 
 
 Crude ethyl 2-(5-bromo-2-methylphenyl)acetate 24f (0.62 g) yielded 0.25 g (1.1 mmol, 36% 
yield from bromoacetal 10f) of the product, isolated as an off-white solid. Recrystallization from 
petroleum ether gave crystals with m.p. = 91.1-92.9 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.28 (3H, s, 
CH3), 3.64 (2H, s, Ar-CH2), 7.04 (1H, d, J = 8.1 Hz, Ar-H), 7.46-7.51 (2H, m, Ar-H). 
13
C NMR 
(CDCl3, 75 MHz) δ: 19.1 (CH3), 38.4 (ArCH2), 130.6 (Ar), 132.0 (Ar), 133.0 (Ar), 134.1 (Ar, 
quat), 135.9 (Ar, quat), 175.9 (COOH). HRMS: C9H8BrO2
-
. Calculated: 226.9713, Found: 
226.9715. 
1
H NMR spectrum matches that reported in patent.
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2-(2-Methyl-5-(methylthio)phenyl)acetic acid  (25g) 
 
 
Crude ethyl 2-(2-Methyl-5-(methylthio)phenyl)acetate 24g (0.57 g) yielded 0.18 g (0.9 
mmol, 27% yield from bromoacetal 10g) product. Recrystallization from petroleum ether gave 
white crystals, m.p. = 75.9-76.5 
o
C.
 1
H NMR (CDCl3, 300 MHz) δ: 2.28 (3H, s, Ar-CH3), 2.46 (3H, 
s, SCH3), 3.64 (2H, s, ArCH2), 7.12 (3H, s, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 16.3 (SCH3), 
19.0 (Ar-CH3), 38.6 (ArCH2), 126.4 (Ar), 129.0 (Ar), 130.9 (Ar), 132.7 (Ar, quat), 134.0 (Ar, quat), 
135.7 (Ar, quat), 176.0 (COOH). HRMS: C10H11O2S
-
. Calculated: 195.0485, Found: 195.0488. 
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2-(4-Methyl-(1,1'-biphenyl)-3-yl)acetic acid  (25h) 
 
 
Crude ethyl 2-(4-Methyl-(1,1'-biphenyl)-3-yl)acetate 24h (0.64 g) yielded 0.23 g (1.0 mmol, 
35% yield from bromoacetal 10h) product. Recrystallization from petroleum ether gave white 
crystals, m.p. = 125.5-126.6 
o
C, lit.
108
 m.p. = 115-120 
o
C. 
1
H NMR (CDCl3, 400 MHz) δ: 2.37 (3H, 
s, Ar-CH3), 3.75 (2H, s, ArCH2), 7.27 (1H, d, J = 7.0 Hz, Ar-H), 7.32 (1H, tt, J = 1.5, 7.5 Hz, Ar-
H), 7.40-7.45 (4H, m, Ar-H), 7.55-7.58 (2H, m, Ar-H). 
13
C NMR (101 MHz, CDCl3) δ 19.3 (CH3), 
38.9 (ArCH2), 126.4 (Ar), 127.0 (Ar, double intensity), 127.1 (Ar), 128.7 (Ar, double intensity), 
129.1 (Ar), 130.9 (Ar), 132.4 (Ar, quat), 136.0 (Ar, quat), 139.3 (Ar, quat), 140.7 (Ar, quat), 176.6 
(COOH). HRMS: C15H14NaO2
+
. Calculated: 249.0886, Found: 2499.0890. 
1
H NMR spectrum 
matches that reported by Taylor, et al.
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2-(2-Ethylphenyl)acetic acid  (25i) 
 
Crude ethyl 2-(2-ethylphenyl)acetate 24i (0.48 g) yielded 0.25 g (1.5 mmol, 47% yield from 
bromoacetal 10i) of the product which was pure by 
1
H NMR spectroscopy. Recrystallization from 
petroleum ether gave an off-white solid, m.p. = 82.9-84.0 
o
C, lit.
109
 m.p. = 85-86 
o
C. 
1
H NMR 
(CDCl3, 300 MHz) δ: 1.23 (3H, t, J = 7.5 Hz, CH3), 2.67 (2H, q, J = 7.5 Hz, CH2CH3), 3.70 (2H, s, 
CH2COOH), 7.15-7.30 (4H, m, Ar-H). 
13
C NMR (75 MHz, CDCl3) δ 14.8 (CH3), 25.8 (CH2CH3), 
38.1 (CH2COOH), 126.1 (Ar), 127.9 (Ar), 128.6 (Ar), 130.5 (Ar), 131.2 (Ar, quat), 142.6 (Ar, 
quat), 177.1 (COOH). HRMS: C10H11O2
-
. Calculated: 163.0765, Found: 163.0763. Known 
compound but no spectral data exists.
109
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2-(4-Bromo-2-methylphenyl)acetic acid and 2-(2-Bromo-6-methylphenyl)acetic acid (25k-
ortho and 25k-para) 
 
 Crude ethyl 2-(4-bromo-2-methylphenyl)acetate 24k-ortho and ethyl 2-(2-bromo-6-
methylphenyl)acetate 24k-para (0.52 g) yielded 144 mg (0.63 mmol, 24% yield from bromoacetal 
10k) product as a 1:4 (1,2,4 to 1,2,6) mixture of regioisomers by 
1
H NMR spectroscopy. Present as 
a light orange waxy solid.
 
 
25k-ortho: 
1
H NMR (CDCl3, 400 MHz) δ: 2.37 (3H, s, Ar-CH3), 3.96 (2H, s, ArCH2), 7.06 
(1H, t, J = 7.8 Hz, Ar-H), 7.15 (1H, d, J = 7.2 Hz, Ar-H), 7.46 (1H, d, J = 7.4 Hz, Ar-H).  
 25k-para: 
1
H NMR (CDCl3, 400 MHz) δ: 2.30 (0.8H, s, Ar-CH3), 3.63 (0.4H, s, ArCH2), 
13
C NMR (CDCl3, 75 MHz) δ: 20.9 (CH3, coincident), 38.1 (CH2COOH), 38.3 
(CH2COOH), 126.1 (Ar-H), 128.8 (Ar-H), 129.5 (Ar-H), 130.6 (Ar), 131.8 (Ar), 132.1 (Ar), 133.2 
(Ar), 175.5 (COOH), 176.1 (COOH). HRMS: C9H8BrO2
-
. Calculated: 226.9713, Found: 226.9708. 
The 1,2,4-isomer 25k-para is a known compound in the patent literature.
110
 The 1,2,3-isomer 25k-
ortho is a new compound. 
 
2-(1-Methylnaphthalen-2-yl)acetic acid (25l) 
 
 Crude ethyl 2-(1-methylnaphthalen-2-yl)acetate 24l (0.59 g) yielded 0.37 g (1.9 mmol, 57% 
from bromoacetal 10l) product, present as a brown solid, which was pure by 
1
H NMR spectroscopy. 
M.p. = 156.7-159.5 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.65 (3H, s, Ar-CH3), 3.89 (2H, s, ArCH2), 
7.33 (1H, d, 8.4 Hz, Ar-H), 7.43-7.55 (2H, m, Ar-H), 7.69 (1H, d, 8.4 Hz, Ar-H), 7.82 (1H, m, Ar-
H), 8.06 (1H, d, 8.1 Hz, Ar-H). 
13
C NMR (CDCl3, 75 MHz) δ: 14.8 (Ar-CH3), 39.6 (ArCH2), 124.1 
(Ar), 125.5 (Ar), 126.1 (Ar, quat), 126.4 (Ar, quat), 128.4 (Ar), 128.5 (Ar), 128.8 (Ar, quat), 132.8 
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(Ar), 132.9 (Ar), 176.78 (COOH). HRMS: C13H11O2
-
. Calculated: 199.0765, Found: 199.0770. 
Known compound but no spectra has been reported.
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2-(2-Methylnaphthalen-1-yl)acetic acid and 3-(naphthalen-2-yl)propanoic acid (25m and 
25m′) 
 
 
Crude ethyl 2-(2-methylnaphthalen-1-yl)acetate 24m (0.59 g) was purified by column 
chromatography to yield 0.28 g of a mixture (2:1) of [3,3]- and [1,3]-shift product 24m and 24m′. 
Hydrolysis yielded 0.21 g (0.1 mmol, 32% yield from bromoacetal 10m) as a white crystalline 
solid, m.p. = 150-152 
o
C. 
1
H NMR (CDCl3, 300 MHz) δ: 2.54 (3H, s, Ar-CH3), 4.15 (2H, s, 
ArCH2), 7.30-7.54 (3H, s, Ar-H), 7.60-7.83 (2H, s, Ar-H), 7.98 (1H, d, J = 8.7 Hz, Ar-H). 
Contaminated by [1,3]-shift product 24m′ identifiable by peaks at 2.76 (2H, t, J = 8.1 Hz, ArCH2), 
3.11 (2H, t, J = 7.8 Hz, CH2COOH). 
13
C NMR (101 MHz, CDCl3) δ 20.6 (Ar-CH3), 30.7 (1,3 shift 
Ar-CH2), 34.1 (ArCH2), 35.2 (1,3 shift CH2COOH), 123.3 (Ar), 124.8 (Ar), 125.4 (Ar), 126.0 (Ar), 
126.4 (Ar), 126.5 (Ar), 126.8 (Ar), 127.0 (Ar), 127.5 (Ar), 127.6 (Ar), 127.8 (Ar), 128.2 (Ar), 128.6 
(Ar), 129.0 (Ar), 132.1 (Ar), 132.4 (Ar), 132.5 (Ar), 133.5 (Ar), 135.0 (Ar), 137.6 (Ar), 176.6 
(COOH), 177.8 (COOH). M.p. = 150.8-152.3 
o
C. HRMS: C13H11O2
-
. Calculated: 199.0765, Found: 
199.0761. 
 
2-(2-(Hept-6-en-1-yl)phenyl)acetic acid  (25o) 
 
Crude ethyl 2-(2-(hept-6-en-1-yl)phenyl)acetate 24o (0.37 g) yielded 78 mg (0.34 mmol, 
20% yield from bromoacetal 10o) as a clear oil. 
1
H NMR (CDCl3, 300 MHz) δ: 1.31 – 1.49 (4H, m, 
2 x CH2), 1.49 – 1.66 (2H, m, CH2), 2.05 (2H, m, CH2), 2.52 – 2.71 (2H, m, ArCH2), 3.69 (2H, s, 
CH2COOH), 4.85 – 5.08 (2H, m, 2 × alkene CH), 5.81 (1H, ddt, J = 16.9, 10.2, 6.7 Hz, alkene CH), 
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7.10 – 7.29 (m, 4H). 13C NMR (CDCl3, 75 MHz) δ: 28.8 (CH2), 29.1 (CH2), 30.7 (CH2), 32.9 
(CH2), 33.7 (CH2), 38.2 (CH2COOH), 114. 3 (CH2=CH), 126.1 (Ar), 127.7 (Ar), 129.4 (Ar), 130.6 
(Ar), 131.4 (Ar), 139.0 (CH2=CH), 141.3 (Ar, quat), 177.3 (COOH). HRMS: C15H20NaO2
+
. 
Calculated: 255.1356, Found: 255.1347.   
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3 Chapter 3 – Computational Investigations of the Benzyl-Claisen 
Rearrangement 
In the course of the experimental investigations into the Benzyl-Claisen rearrangement 
(Chapter 2), a number of interesting mechanistic phenomena were observed. These included:  
 A profound solvent dependence, which directed the reaction towards either the [1,3]- or 
[3,3]-product. This is unusual compared to other Claisen rearrangements. While the rates of 
reaction for the aliphatic and aromatic variants are dependent on the polarity of the solvent, 
the overall course of the reaction (i.e. the product obtained) is not (see Sections 1.1.4 and 
2.6).  
 A modulation of reactivity by substituents, specifically a preference for electron-donating 
groups on the aromatic ring. In the case of the Benzyl-Claisen rearrangement, the aryl ring 
occupies both the 5- and 6- positions of the traditional aliphatic example (which have 
different substituent effects, see Sections 1.1.3 and 2). 
 A regiochemical preference for rearrangement “towards” existing meta-substituents in spite 
of the greater steric hindrance that this incurs. Such selectivity concerns are absent from the 
aliphatic Claisen rearrangement, but have been determined in the case of the aromatic 
Claisen rearrangement (see Sections 1.2.3 and 2.5). 
 A tandem Benzyl-Claisen/intramolecular Alder-ene reaction in which a new carbocyclic ring 
is formed. Notably, the 5-membered case succeeded (generating a mixture of ring-closed 
and ring-open product in a ratio of 2:1 in 41% yield) while the 6-membered case failed 
(resulting only in the ring-open isomer in 20% yield). The configuration of substituents 
around the cyclopentyl ring in the Alder-ene product was tentatively assigned as cis (see 
Section 2.9). 
In order to understand these phenomena, a detailed computational study of the mechanism of the 
Benzyl-Claisen rearrangement has been performed. 
As has been discussed in Section 1.3, quantum mechanical computational methods have 
been shown to be effective at modelling the Claisen rearrangement. Even though the current trends 
in organic computation involve the use of more modern, dispersion-inclusive functionals, paired 
with larger basis sets,112 previous studies have shown that the B3LYP hybrid functional in 
conjunction with modest basis sets provides a good balance of accuracy and economy for studying 
Claisen rearrangements. For example, B3LYP/6-31G(d) has been shown by Houk et al. to 
accurately reproduce the nature and geometry of the transition state for the aliphatic Claisen 
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rearrangement, as judged from kinetic isotope effects, as well as mirror experimentally derived 
activation energies.45 It was later shown that, in some cases, B3LYP was more accurate than other, 
more computationally expensive methods (MP2/cc-pvQZ, for instance).46 Substituent effects, most 
notably investigated by Aviyente and Houk,14,50b and Houk and Yoo,50a have been calculated and 
understood using computational methods, including B3LYP. Marsaioli, et al. have shown that 
B3LYP/6-31G(d,p) accurately reproduces the experimental data for regioselective rearrangement in 
the aromatic Claisen rearrangement.29 On the basis of this literature precedent, the B3LYP 
functional has been utilised here to study the above-mentioned experimentally-observed features of 
the Benzyl-Claisen rearrangement. In addition, where possible, computations have also been 
performed with the high-accuracy CBS-QB3 composite method.47   
3.1 Computational Methods 
Density functional theory calculations were initially performed at the B3LYP/6-31G(d) level 
of theory. The enthalpy of reaction (ΔH), enthalpy of activation (ΔH‡), Gibbs free energy of 
reaction (ΔG, related to enthalpy and entropy by the equation ΔG = ΔH – TΔS), and Gibbs free 
energy of activation (ΔG‡) of reactions were calculated. The Gibbs free energy of reaction is related 
to the equilibrium constant K by the equation ΔG = RT ln K, while the Gibbs free energy of 
activation is related to the rate constant k by the Eyring equation, k = (kBT/h)exp(–ΔG
‡
/RT) where 
kB is Boltzmann’s constant, h is Planck’s constant and R is the ideal gas constant. The effects of 
solvent were explored by reoptimising the molecular geometries in implicit solvent (DMF or 
xylene) using the PCM,
54
 CPCM,
57a
 and SMD
113
 continuum models. The PCM and CPCM methods 
have been used previously to model the effect of solvent on the Claisen rearrangement (see section 
1.4.3). The results obtained with B3LYP were also compared to high-level calculations conducted 
with the CBS-QB3 composite method. CBS-QB3 is a high accuracy method which involves initial 
B3LYP geometry optimisation with a large basis set (6-311G(2d,d,p), also known as CBSB7) 
followed by single-point energy calculations and corrections using ab-initio methods (MP2, MP4 
and CCSD(T)).
47
 CBS-QB3 has been used previously as a benchmark method for studying the rate 
of the aromatic and aliphatic Claisen rearrangements.
46
 A standard state of 298 K and 1 mol/L is 
used. 
3.2 Mechanism of the [3,3]-sigmatropic Rearrangement 
The mechanism of the [3,3]-sigmatropic step of the Benzyl-Claisen rearrangement was 
studied using the model ketene acetal 1a (Scheme 3.1). The ethoxy group present in the 
experimental substrates (Chapter 2) was modelled as methoxy so as to eliminate conformational 
degrees of freedom without compromising electron-donor capacity.  
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Scheme 3.1: [3,3]-sigmatropic step of the Benzyl-Claisen rearrangement. 
A conformational search of the ketene acetal 1a, in which the various possible conformers’ 
energies were optimised, revealed the lowest energy conformer to be that shown in Figure 3.1(a). 
Due to orbital overlap between the alkene π-bond and oxygen lone pair, rotation is limited around 
the ketene acetal C–O bonds. The methyl and benzyl groups are observed to preferentially adopt the 
s-cis/s-cis configuration with respect to the vinylic C=C bond, minimising steric interactions. Such 
a conformation is similar to the previously calculated conformational preference of allyl vinyl 
ether.
14
 For the rearrangement of 1a to Int-1a, four transition states were computed (Figure 3.1(b) 
TS-1a [chair/boat] [E/Z]). The six-membered ring of atoms involved in the bond forming and 
breaking processes may adopt either a chair or a boat conformation, while the methoxy group may 
be either s-cis or s-trans. The calculations show that the s-trans methoxy conformation is preferred 
over the s-cis conformation by about 4 kcal/mol. This conformational feature differs from the 
ketene acetal itself, and is more reminiscent of the conformational preference of carboxylic 
esters.
114
 The chair transition states are about 2 kcal/mol lower in energy than the corresponding 
boats. It should be noted that for the Claisen and Cope rearrangements, the chair transition state is 
typically calculated to be 5-6 kcal/mol lower in energy than the corresponding boat geometry.
45,115
 
The smaller chair/boat difference for the Benzyl-Claisen rearrangement of 1a suggests that 
significant stabilisation of the boat transition state is occurring in the Benzyl-Claisen rearrangement, 
possibly due to favourable orbital overlap between the ketene acetal fragment and the aromatic ring. 
The lowest-energy transition state overall is TS-1a-chair-Z, which has a barrier (ΔG‡) of 30.5 
kcal/mol at the B3LYP/6-31G(d) level of theory.  
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Figure 3.1: Geometries of (a) ketene acetal 1a and (b) transition states TS-1a [chair/boat] [E/Z], 
computed with B3LYP/6-31G(d). Bond lengths in Å, energies in kcal/mol. 
Bond lengths for the breaking C–O bond and forming C–C bond of the lowest energy 
transition state TS-1a-chair-Z are 2.08 and 2.34 Å respectively. For comparison, previously 
reported B3LYP/6-31G(d) calculations have shown that the breaking C–O and forming C–C bond 
lengths are 2.12 and 2.20 Å for the aromatic Claisen rearrangement of allyl phenyl ether,
116
 and 
1.90 and 2.31 for the aliphatic Claisen rearrangement of allyl vinyl ether,
45
 while those for the 
aliphatic Claisen rearrangement of 2-OH substituted allyl vinyl ether (which models the substrates 
of the Johnson– and Ireland–Claisen reactions) are 1.84 and 2.42 respectively, at the same level of 
theory.
50a
 Comparison of these values indicates that the Benzyl-Claisen rearrangement is, on the 
whole, more dissociative in character than either of the other classes of Claisen rearrangements. 
However, the transition state is not consistent with the mechanistic extreme of a separated benzylic 
and enolic radical. The transition state was calculated to be stable at the B3LYP/6-31G(d) level of 
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theory (using the stable keyword of Gaussian 09) and therefore does not possess open-shell 
character. 
The Gibbs free energy profile of the Benzyl-Claisen rearrangement of 1a is shown in Figure 
3.2. Also shown in Figure 3.2 are the corresponding energy profiles for the Benzyl-Claisen 
rearrangement of benzyl vinyl ether 2, which lacks the methoxy group of 1a, as well as the 
“conventional” aromatic Claisen rearrangement of allyl phenyl ether 3 and the aliphatic Claisen 
rearrangement of allyl vinyl ether 4. The energy profiles were computed using the B3LYP method 
with the 6-31G(d) basis set. To assess the accuracy of the B3LYP calculations, the energy profiles 
were also calculated with the high accuracy CBS-QB3 method. The CBS-QB3 data are shown in 
brackets in Figure 3.2.  
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Figure 3.2: Computed Gibbs free energy profile for Claisen rearrangements of ketene acetal 1a 
(black), benzyl vinyl ether 2 (red), allyl phenyl ether 3 (purple), and allyl vinyl ether 4 (blue). Free 
energies (kcal/mol) calculated at the B3LYP/6-31G(d) level of theory are plotted, and the 
corresponding CBS-QB3 values are given in square brackets. 
Compared to the CBS-QB3 benchmarks, the B3LYP barriers for the four reactions differ by 
0.6–1.3 kcal/mol. These small differences provide confidence that the B3LYP/6-31G(d) barriers 
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give reliable estimates of the rates of Benzyl-Claisen rearrangements. On consideration of the 
calculated activation energies (Figure 3.2), it is evident that the Benzyl-Claisen rearrangement of 
benzyl vinyl ether 2 is significantly more difficult from a kinetic standpoint than the more 
commonly reported aliphatic and aromatic Claisen rearrangements of 3 and 4. Based on the 
computed ΔG‡ value of 41.4 kcal/mol, the relative rate for the Benzyl-Claisen rearrangement of 2 
(calculated using the Eyring equation) at 25 
o
C is expected to be 3300 times slower than the 
rearrangement of allyl phenyl ether 3, and 2 billion-fold slower than that of allyl vinyl ether 4. This 
substantiates the previous experimental report of Burgstahler in which forcing conditions (245-300 
o
C, which would permit the aromatic Claisen rearrangement of 3) did not allow the Benzyl-Claisen 
rearrangement of benzyl vinyl ether 2 to occur.
60
 On the other hand, the activation energy for the 
rearrangement of benzyl ketene acetal 1a (which bears an electron-donating C-2 methoxy group) is 
10-11 kcal/mol lower than that of 2, and is 6.1 kcal/mol lower than the barrier for the aromatic 
Claisen rearrangement of allyl phenyl ether 3. The effect of the alkoxy group in 1a is larger than 
that reported in computational studies of the aliphatic Claisen rearrangement, which showed that C-
2 π-donors lowered the activation energy by 6-9 kcal/mol.14,50 This leads to the barrier of reaction 
for 1a being similar to that of the aliphatic Claisen rearrangement for allyl vinyl ether 4 (ΔG‡ = 30.5 
vs 28.8 kcal/mol). Consistent with this prediction, the two rearrangements occur under comparable 
thermal conditions (~150 
o
C). 
The entropy of activation for the Benzyl-Claisen rearrangement of ketene acetal 1a (found 
from the relation ΔG‡ = ΔH‡ – TΔS‡), is calculated to be –5.4 cal/mol/K, reflective of the increase 
in order that occurs on moving from the open-chain substrate to the cyclic transition state. The 
computed entropy of activation is similar to, although slightly smaller than, experimentally 
determined values for the aliphatic- (–7.7 cal/mol/K)117 and aromatic- (–8.1 cal/mol/K)118 Claisen 
rearrangements. 
Intrinsic reaction coordinate analysis
119
 (a computational method for identifying which 
reactant and product are connected via a given transition state) on TS-1a and TS-2 identified that 
the immediate products of the [3,3]-rearrangements of 1a and 2 are isotoluenes Int-1a and Int-2. 
respectively. Isotoluene Int-2 is 16 kcal/mol higher in energy than benzyl vinyl ether 2, which is 
consistent with expectations due to the loss of aromaticity. Unexpectedly, however, methoxy-
substituted isotoluene Int-1a was found to be 3–5 kcal/mol lower in energy than the respective 
ketene acetal 1a. Therefore, not only does the alkoxy substituent endow a rate-enhancing effect (as 
discussed above), it also provides the [3,3]-sigmatropic rearrangement with a thermodynamic 
driving force. This is consistent with the role of C-2 π-donor substitution in other Claisen 
rearrangement synthetic protocols (e.g. Johnson–Claisen, Ireland–Claisen), as well as previously 
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successful Benzyl-Claisen rearrangements which also include C-2 π-donors (e.g. Eschenmoser,18 
Raucher
63
, see Section 1.5.3).  
3.3 Solvent Effects on the Concerted [3,3]-sigmatropic Rearrangement 
As stated in Section 2.6, a significant solvent effect was observed in the course of the 
experimental investigations into the Benzyl-Claisen rearrangement. While polar solvents 
(specifically DMF and diglyme) enabled the desired [3,3]-sigmatropic rearrangement to occur, non-
polar solvents such as xylenes led only to the formation of other products (diethyl succinate, ethyl 
phenylpropionate and bibenzyl) which are attributed to a dissociative radical homolysis-
recombination mechanism. We therefore performed calculations to examine the effect of solvent on 
the [3,3]-sigmatropic transition state. As discussed previously (see section 1.4.3), both implicit and 
explicit computational models have been used before to examine solvent effects in Claisen 
rearrangements. Herein, the implicit models PCM, CPCM, and SMD have been employed. 
Davidson and Hillier,55 and Srinivasadesikan et al.56 have both reported success in using the PCM 
method to study the effect of solvent on the Claisen rearrangements of allyl vinyl ethers and aryl 
propargyl ethers, while Osuna and Houk,46 and Schafmeister and Houk,58 have implemented the 
CPCM method to model the effect of solvent on the aromatic Claisen rearrangements of 
dimethylallyl phenyl ether and dimethylallyl coumarin ether. The SMD method, developed more 
recently than PCM and CPCM, has not previously been used in regards to the Claisen 
rearrangement, though it has been shown to be more accurate than PCM or CPCM at calculating the 
Gibbs free energy of solvation for a test set of 318 neutral and 166 ionic molecules (ΔGsolv).
113 
Furthermore, it has been parameterised using the B3LYP/6-31G(d) level of theory.  
The effect of implicit solvent on the Benzyl-Claisen rearrangement was examined by 
reoptimising ketene acetal 1a and transition state TS-1a in implicit solvent (either DMF or xylene) 
using the PCM, CPCM and SMD solvent models. Three solvent models were tested, in order to 
avoid any systematic errors which may be present in one method. The gas-phase and solution-phase 
transition state geometries are shown in Figure 3.3 and the computed activation barriers are shown 
in Table 3.1.  
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Figure 3.3: Transition state geometries (TS-1a) for the Benzyl-Claisen rearrangement of 1a, 
optimised in the gas phase, implicit xylene and implicit DMF. Solvents were modelled using the 
SMD method. Italicised values are the sum of the calculated Mulliken charges for the benzylic and 
ketene acetal fragments of the transition state. Values in square brackets are the corresponding 
Mulliken charges for the same fragments of the ground state. 
Table 3.1: Calculated activation barriers (ΔG‡, kcal/mol) of the Benzyl-Claisen rearrangement of 
1a in the gas phase and in implicit DMF or xylene, calculated with B3LYP/6-31G(d). 
Solvent Method ΔG
‡ 
[kcal/mol] 
None - 30.5 
DMF PCM 30.7 
 
CPCM 30.7 
 
SMD 31.0 
Xylene PCM 30.5 
 
CPCM 30.8 
 
SMD 31.1 
 
The solution-phase transition states display only minor changes of 0.01–0.04 Å in the 
lengths of the forming and breaking bonds, compared to the gas phase, with the transition states 
becoming looser (i.e. the forming and breaking bonds are lengthened) as the polarity of the medium 
is increased. Intriguingly, solvation does not appear to have a significant effect on the activation 
barrier for the [3,3]-sigmatropic rearrangement (Table 3.1). The ΔG‡ values in DMF and xylene 
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differ by only 0.2–0.6 kcal/mol from the gas-phase barrier, indeed displaying a small barrier-raising 
effect, and there are no significant differences between DMF and xylene. Notably, the SMD method 
yields activation energies that are uniformly higher than those calculated with either the PCM or 
CPCM methods. The results stand in opposition to the previously reported effect of solvents on 
Claisen rearrangements which are noted to have a small but measurable positive effect on moving 
from non-polar to polar solvent. Gajewski et al. have noted a rate acceleration of ~1.5-fold on 
moving from benzene (ɛr = 2.3)
120
 to acetonitrile (ɛr = 37.5)
120
 for the Claisen rearrangement of a 
substituted allyl vinyl ether (see Section 1.1.4), corresponding to a 0.2 kcal/mol reduction in the 
activation energy.
16a
 For comparison, the dielectric constant
§
 for DMF is 36.7.
120
 The fact that all 
three implicit solvent methods are in close agreement for the reaction of TS-1a suggests that the 
barrier for the [3,3]-sigmatropic reaction of benzyl ketene acetal 1a is genuinely insensitive to 
solvent polarity. It therefore follows that the observed difference in products obtained in DMF vs 
xylene ([1,3]-rearrangement in xylene and [3,3]-rearrangement in DMF) cannot be attributed to any 
difference in rates of the [3,3]-rearrangement in the two solvents (i.e. slow in xylene and fast in 
DMF. 
Mulliken charge analysis indicates that the transition states display charge polarisation, with 
a partial charge of –0.20 e on the ketene acetal fragment and +0.20 e on the benzylic fragment in the 
gas phase. This polarisation increases on moving from the gas phase to xylene (+/- 0.23 e) to DMF 
(+/- 0.26 e). An electronic polarisation within the transition state would be expected to lead to an 
increased rate of reaction in polar solvents. However, in the Benzyl-Claisen rearrangement, the 
calculated charges on the ketene acetal and benzylic fragments in the ground state are almost equal, 
and in fact slightly larger, than those in the transition state (Figure 3.3). This result is consistent 
with the insensitivity of the rearrangement barrier to solvent polarity (Table 3.1). Guest and Hillier 
have reported similar results for the Claisen rearrangement of allyl vinyl ether (see Scheme 3.2).
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In their study the transition state was observed to be less polarised than the ground state (by 0.072–
0.088 e depending on the solvent), even though both the ground and transition states became more 
polarised when computed in implicit (PCM) water than in the gas phase. 
  
                                                 
§
 The dielectric constant (ɛr) is a measure of the charge permittivity of the solvent relative to vacuum. 
119 
 
 
Scheme 3.2: Partial charges on the allyl and vinyl fragments of allyl vinyl ether 4 in the ground 
state and Claisen rearrangement transition state, calculated at the B3LYP/6-31Gd) level of theory. 
Values in the gas phase are reported, with corresponding data for implicit water in square brackets. 
Adapted from Guest and Hillier.
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3.4 Radical Rearrangement Mechanisms 
Apart from the concerted pericyclic mechanism depicted in Figure 3.2, a possible alternative 
mechanism for the Benzyl-Claisen rearrangement involves homolysis of the benzyl–oxygen bond 
followed by radical recombination (Scheme 3.3). Side-reactions of the radicals are believed to be 
responsible for the formation of [1,3]-rearrangement products (of the type 6) in attempted Benzyl-
Claisen rearrangements reported by Burgstahler,
60
 Shiina
61
 and Eschenmoser
18
 (see sections 1.5.2 
and 1.5.3). The degree of bond-forming, bond-breaking and open-shell character in the transition 
states of [3,3]-sigmatropic rearrangements is known to be heavily dependent on the substitution 
pattern of the system.
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 As an aromatic ring has not previously been examined as the “allyl” 
component in the Claisen rearrangement, it was imperative to investigate any effect it may have.  
 
Scheme 3.3: Energies of C–O bond homolysis in 1a, compared to the barrier for concerted [3,3]-
sigmatropic rearrangement via transition state TS-1a, calculated using CBS-QB3. Values in 
brackets include a correction for solvation in DMF or xylenes respectively (calculated from the 
difference between single-point SCF energies of geometries calculated at the B3LYP/CBSB7 level 
of theory, with and without implicit DMF or xylenes, using the SMD method). 
The degree of open-shell character in the concerted transition state TS-1a was examined by 
performing a geometry optimisation with unrestricted density functional theory [UB3LYP/6-
31G(d)] using the guess=mix keyword of Gaussian 09. This method allows symmetry breaking of 
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the  and  electrons to model any singlet diradical character. This calculation returned an energy 
identical to that obtained with restricted B3LYP. Therefore, TS-1a may adequately be regarded as a 
closed-shell species.  
The energy of homolysis of the CH2–O bond of 1a was then calculated (Scheme 3.3). At the 
CBS-QB3 level of theory, C–O bond homolysis has ΔH = 39.1 kcal/mol and ΔG = 29.5 kcal/mol. It 
should be noted that with B3LYP, the C–O bond homolysis is computed to be ~10 kcal/mol lower in 
energy (ΔH = 29.7 kcal/mol, ΔG = 17.1 kcal/mol). The B3LYP values likely contain significant 
errors, reflecting the well-known tendency of B3LYP to overestimate radical stabilities.122 
Correcting the CBS-QB3 values for solvation (determined from single-point SMD calculations with 
B3LYP/CBSB7, which is the method used for geometry optimisations in CBS-QB3) gives 
homolysis energies of ΔG = 29.1 kcal/mol in implicit DMF and ΔG = 28.9 kcal/mol in implicit 
xylenes. For comparison, the [3,3]-sigmatropic transition state TS-1a has ΔH = 28.4 kcal/mol and 
ΔG = 29.9 kcal/mol and the effect of solvent is predicted to be minor (ΔG = 30.2 kcal/mol in DMF, 
ΔG = 30.1 kcal/mol in xylenes), in line with the results described in Sections 3.2 and 3.3.  
The above results are in stark contrast to the energies calculated for the aliphatic Claisen 
rearrangement of allyl vinyl ether 4 (Scheme 3.4), where the free energy of homolytic C–O scission 
is calculated to be 6 kcal/mol higher than the barrier for the concerted [3,3]-rearrangement. 
 
Scheme 3.4: Change in enthalpies and Gibbs free energies for the aliphatic Claisen rearrangement 
and radical homolysis of allyl vinyl ether 4, calculated using the high-accuracy CBS-QB3 method. 
Taken together, these results indicate that while the enthalpy of the homolytic C–O scission 
of benzyl ketene acetal 1a is 11 kcal/mol higher in energy than the desired [3,3]-sigmatropic 
rearrangement, the free energy of homolysis is almost identical to the free energy barrier for [3,3]-
sigmatropic rearrangement. These results appear to predict that the [3,3]-sigmatropic rearrangement 
and the competing C–O homolytic scission (which leads to radical by-products) should both be 
operative, even when DMF is used as a solvent. This is not consistent with experimental 
observations, where the Benzyl-Claisen rearrangement proceeds successfully in DMF with no 
products resulting from [1,3]-rearrangement detected (Section 2.4). The discrepancy between the 
calculated and experimental data is likely due to errors in modelling the entropy of the homolysis 
reaction. It was not practical to calculate a transition state for homolysis, because such a transition 
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state may have multi-reference character, which is not readily treated with CBS-QB3. For this 
reason, the isolated radicals were used as reference species. The enthalpy barrier for homolysis is 
expected to be very close to the difference between the summed enthalpies of the isolated radicals 
and that of the ketene acetal (given that the reverse type of reaction – radical recombinations – are 
usually barrierless or nearly so). However, the free energy barrier for the homolysis is likely to be 
more positive than the overall free energy of reaction, because the summation of free energies 
overestimates the entropic benefit of forming two radicals from the one substrate. The bond-
cleavage transition state would contain additional ordering (as it is still a single chemical species) 
which is not considered in the calculation (where the radicals are treated as if they are separated at 
infinite distance). Therefore, the barrier for homolysis is likely to be slightly larger than 29–30 
kcal/mol (plausibly by 1–2 kcal/mol) due to this entropic effect.  
The most likely conclusion consistent with experimental and theoretical evidence is that, 
even though the activation free energies for the homolytic and [3,3]-sigmatropic processes are 
similar, the Benzyl-Claisen rearrangement is slightly preferred kinetically. The calculations do not 
give any evidence to suggest that the divergent reaction course of the Benzyl-Claisen rearrangement 
in polar versus non-polar solvents is due to any stabilisation of the radical pathway in the former, or 
of the [3,3]-rearrangement pathway in the latter. While the barriers of reaction for both the 
sigmatropic and radical process are calculated to be similar regardless of the solvent conditions 
(verified using a number of different implicit solvent methods), a distinctly binary outcome is 
observed experimentally where solvent conditions either lead solely to the rearranged product or 
solely to radical fission/recombination products (i.e. both pathways are not seen to be operative in 
the same solvent, see section 2.6). Even a rearrangement conducted in a 1:1 mixture of “good” and 
“poor” solvent (diglyme and xylene respectively) led solely to products resulting from homolytic 
scission. As the intermediate solvent system did not give a mixture of products resulting from both 
pathways, it appears that the different outcomes of reactions conducted in different solvents are not 
due to effects on either the sigmatropic or homolytic processes. Possible alternative origins of the 
observed solvent dependence will be discussed in Section 3.8. 
3.5 Substituent Effects 
The accelerating effect of certain substituents on the Claisen rearrangement is widely 
acknowledged (see section 1.1.3). Evidently, the presence of the C-2 π-donor on the vinyl group is 
crucial to the success of Benzyl-Claisen rearrangement, as it not only occurs in the current system 
but also in previous examples by Eschenmoser (section 1.5.3).18 That being said, the effect of 
functional groups at other positions on the Benzyl-Claisen rearrangement is largely unknown. In the 
course of the experimental investigation into the effects of substituents on the aromatic ring 
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(Chapter 2), it was observed that electron-donor groups, such as –OMe, –Me and –Cl, were better 
tolerated than electron-withdrawing groups (specifically –CN, –NO2 and –COOBn). In order to 
explain these data, the influence of substituents on the Benzyl-Claisen rearrangement of benzyl 
vinyl ether 2 was examined at the B3LYP/6-31G(d) level of theory. Geometry optimisations were 
performed on the parent substrate 2 and transition state TS-2 and a series of derivatives substituted 
at every position individually with either a model electron donor (OMe) or an electron acceptor 
(CN). 
Figure 3.4 displays the Gibbs free energies of activation (ΔG‡) for the Benzyl-Claisen 
rearrangements of benzyl vinyl ethers substituted at various positions with a methoxy- or cyano- 
group. The numbering system of the carbon atoms, labelled in structure TS-2, will be used in the 
discussion.  
 
Figure 3.4: Substituent effects in the Benzyl-Claisen rearrangement of benzyl vinyl ether 2 
calculated at the B3LYP/6-31G(d) level of theory. Values are Gibbs free energies of activation 
(ΔG‡), given in kcal/mol. Bracketed values are the changes in energy relative to Gibbs free energy 
of activation for the unsubstituted parent 2 (ΔΔG‡). 
In part, the effects of substituents on the Benzyl-Claisen rearrangement can be rationalised 
in terms of their influence on the frontier molecular orbitals of the benzyl ketene acetal. The frontier 
molecular orbital energies and coefficients are known to influence the course of pericyclic reactions 
in general.
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 Specifically, groups which raise the highest occupied molecular orbital (HOMO) or 
lower the lowest unoccupied molecular orbital (LUMO) are noted to lower the activation energy 
overall. In the Benzyl-Claisen rearrangement, the HOMO is localised on the electron-rich vinyl 
fragment while the LUMO is localised on the benzylic fragment. Suitably positioned electron-
donating groups (such as –OMe) will not only raise the HOMO energy but also increase the orbital 
coefficient of the position β to the substituent. On the other hand, electron-withdrawing groups 
(such as –CN) lower the LUMO energy whilst also increasing the orbital coefficient of the position 
β to that group in the LUMO.  
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Stabilisation of a particular resonance structure of the transition state can also be used to 
explain the observed effects of substituents (Figure 3.5). The typical ionic resonance contributors 
may, in the extreme, be either bond-forming (equation A.i) or bond-breaking (equation A.ii). 
Substituents which stabilise the charges in these contributors will stabilise the transition state 
relative to the substrate and lower the activation barrier. Alternatively, resonance structures with 
radical character (equations B.i and B.ii) may become important when radical-stabilising 
substituents are present. Due the electronic character of the ether oxygen, the atypical ionic 
resonance contributors (equations C.i and C.ii) are usually not significant unless strongly stabilised. 
 
Figure 3.5: Resonance contributors to the transition state of the Benzyl-Claisen rearrangement, TS-
1a. 
124 
 
The greatest reduction in the activation energy of the rearrangement is caused by a C-2 
methoxy-substituent (ΔΔG‡ = –10.9 kcal/mol, see Figure 3.4). The barrier-lowering effect is likely 
due to the electron-donor group raising the energy of the HOMO situated on the vinylic fragment 
and increasing the orbital coefficient at the C-3 position. The C-2 methoxy-substituent additionally 
stabilises the developing C=O bond. Methoxy-substituents at the C-6, C-8 and C-9 are calculated to 
lower the activation free energy by 0.7–4.8 kcal/mol. This is due to stabilisation of the ionic and 
radical bond-breaking contributors to the transition state (Figure 3.5, equations A.ii and B.ii). A C-3 
methoxy-substituent lowers the barrier by 5.1 kcal/mol, presumably by stabilising the radical bond-
breaking (B.ii) or atypical ionic, bond-breaking (C.ii) resonance contributors. 
For electron-withdrawing substituents, the barrier is lowered most by substitution at C-9. 
The C-9 cyano group reduces the barrier of reaction by 7.9 kcal/mol. The substituent is expected to 
stabilise the radical, bond-breaking contributor (Figure 3.5, equation B.ii) through enhanced 
delocalisation that occurs in the transition state. Cyano-substitution at the C-2 position is also 
calculated to lower the activation free energy by 3.5 kcal/mol. This is due to stabilisation of the 
radical (B.i) and atypical ionic, bond-forming resonance contributors (C.i). In contrast, cyano-
substitution at the C-6 and C-8 positions is observed to raise the barrier of reaction by about 1 
kcal/mol. This is likely due to inductive destabilisation of the main resonance contribution (A.ii). A 
cyano substituent at C-7 has a very small (0.2 kcal/mol) barrier-raising effect. 
The effect of functionalities at the C-2, C-3 and C-9 positions in the Benzyl-Claisen 
rearrangement are consistent with substituent effects observed in the aliphatic Claisen 
rearrangement (see section 1.1.3).10a,12 However, substitution at C-4 is shown to raise the reaction 
activation energy by 3-4 kcal/mol, regardless of the electronic nature of the functional group, which 
is in contrast to the accelerating effect of π-donors at the analogous position in the aliphatic Claisen 
rearrangement.11,124 This is likely due to the loss of conjugation with the group that occurs in the 
dearomatised product, which would also develop in the transition state, in addition to more severe 
steric interactions in the transition state of the Benzyl-Claisen rearrangement, which leads to 
formation of a quaternary carbon centre, as opposed to a tertiary centre in the corresponding 
aliphatic Claisen rearrangement. 
The effect of substituents on the experimentally relevant 2-OMe substituted TS-1a were also 
investigated. Transition state geometries, Mulliken charges and calculated activation energies for 
TS-1a, TS-1b and TS-1c (which are analogous to the substrates investigated experimentally in 
Chapter 2) are presented in Figure 3.6 and Figure 3.7. Using the B3LYP/6-31G(d) level of theory, 
calculation of the transition state barrier for the 6-OMe substituted ketene acetal TS-1b returned a 
value of 30.4 kcal/mole, which is only 0.1 kcal/mole lower in energy than the unsubstituted TS-1a. 
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The 6-CN group, however, is observed to have a larger effect, raising the barrier by 1.0 kcal/mole 
relative to the parent ketene acetal TS-1a. The observed effects can be rationalised by consideration 
of the typical ionic, bond-breaking resonance contributor to the transition state (Figure 3.5, equation 
A.ii), where the 4-OMe substituent stabilises the structure while the 4-CN substituent does the 
opposite. This is consistent with the experimentally observed data in that substrates substituted with 
electron-donating groups are at least as proficient as the parent compound in performing the 
Benzyl-Claisen rearrangement. On the other hand, while the activation energies for substrates 
bearing electron-withdrawing groups are predicted to be higher than the parent case, the barriers are 
not prohibitively high. The failure to achieve rearrangements of substrates containing electron-
deficient substituents on the aromatic ring is probably mostly due to facile decomposition via side 
reactions. As previously noted (Section 3.3), calculation of the Mulliken charges in the transition 
state TS-1a indicates that the transition state is polarized, with a partial charge of +0.2 e on the 
benzylic fragment and –0.2 e on the vinylic fragment in the gas phase. Substitution of the C-6 
position with a methoxy group is predicted to slightly increase the charge separation in the 
transition state, with fragment charges of +/– 0.24 e. The forming (C3-C4) and breaking (O1-C9) 
bonds are also observed to lengthen by 0.02 Å and 0.06 Å, respectively. In contrast, TS-1c, which 
possesses a C-6 cyano substituent, has less charge separation (+/– 0.16 e) than the unsubstituted TS-
1a. The breaking and forming bonds are shortened by 0.02 Å and 0.01 Å, respectively, relative to 
unsubstituted TS-1a. 
 
Figure 3.6: Calculated Benzyl-Claisen rearrangement transition state energies of EDG-substituted 
(4-methoxy) and EWG-substituted (4-cyano) benzyl ketene acetals TS-1b and TS-1c, calculated at 
the B3LYP/6-31G(d) level of theory. Energies are relative to the appropriately substituted ketene 
acetal substrate. Differences in enthalpy and free energy are relative to the parent transition state, 
TS-1a.  
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Figure 3.7: Mulliken charges for ketene acetal and benzyl fragments of the Benzyl-Claisen 
transition states of substituted ketene acetals. Values in square brackets are changes relative to the 
starting ketene acetal 1a, 1b and 1c. 
3.6 Regioselectivity 
Unexpected regioselectivities were observed in the Benzyl-Claisen rearrangements of meta-
substituted ketene acetals (Section 2.5). In a ketene acetal containing a meta substituent R (Scheme 
3.5), two regiochemically distinct Benzyl-Claisen rearrangements are possible: rearrangement 
“away from” the R substituent, leading to a 1,2,4-trisubstituted aromatic ring (9-para) and 
rearrangement “towards” the R substituent, leading to a 1,2,3-trisubstituted aromatic ring (9-ortho). 
The para pathway was expected to be favoured, because it avoids the steric crowding that is present 
in the ortho product and transition state. Surprisingly, however, the rearrangement of 3-MeO 
derivative 8a gave a mixture of products favouring (3:2) the ortho product 9a-ortho over the para 
product 9a-para. In addition, the 3-Br substituted derivative yielded a 4:1 mix of isomers while the 
substrate 8c derived from 2-naphthyl methanol regioselectively rearranged towards the fused 
aromatic ring. Despite their homology, such a consistent regioselectivity is not present in the usual 
aromatic Claisen rearrangement (see section 1.2.3). White and Slater,
28
 for instance, observed 
127 
 
preferential formation of 1,2,4 substituted products from 3-methoxyphenyl allyl ethers 
(rearrangement “away from” the meta substituent) but a bias for 1,2,3 product generation in 3-
bromophenyl allyl ethers (rearrangement “towards” the meta substituent, see Section 1.2.3, Scheme 
1.17). Marsaioli et al.
29
 later correlated this behaviour to preferences in the ground-state 
conformation leading to the regioisomeric products, and not the difference in the energies of the 
competing transition-state barriers. 
 
Scheme 3.5: Preferential formation of 9-ortho over 9-para (the “Meta effect”) observed in the 
Benzyl-Claisen rearrangement. 
The results of Benzyl-Claisen rearrangements depicted in Scheme 3.5 insinuated the 
presence of a thus far unconsidered electronic effect. The transition-state resonance schemes for 
Benzyl-Claisen rearrangement (Figure 3.4) do not provide any insights into the origin of the 
regioselectivity. That is, in the bond-forming pictures, either ionic or radical (A.i or B.i), one 
canonical form is stabilised by a substituent at C-5 while another is stabilised by a substituent at C-
7. In the bond-breaking pictures (A.ii and B.ii), there is no delocalisation of charge or spin density 
onto a substituent at C-5 or C-7.   
Transition state barriers for the two regiochemically distinct rearrangements of ketene 
acetals 1d, 1e, 1f and 10 were calculated (Scheme 3.6). The calculated difference between the 
regioisomeric 3-MeO substituted transition states is 0.3 kcal/mol, favouring the 1,2,3-substituted 
product. Based on the energy difference between the competing transition states, the product 
distribution (calculated from the Eyring equation) is expected to be 1.7:1 ortho:para, which is in 
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good agreement with the observed experimental ratio, 3:2. The difference in free energies between 
the competing 3-Br substituted transition states is 0.6 kcal/mol, giving an expected product ratio of 
3:1 ortho:para and similar to the experimentally observed product ratio of 4:1. Finally, in the 2-
naphthyl case 10, rearrangement “towards” the existing fused ring (TS-10-towards) was 9.1 
kcal/mol lower in energy than the competing rearrangement “away from” the aromatic system (TS-
10-away), in good agreement with experiment where only the product of rearrangement towards the 
fused ring was obtained. For the sake of completeness, the transition state barrier of a 3-CN 
derivative of 1e was also appraised. A preference for the 1,2,3 product (0.2 kcal/mol) was 
calculated. 
 
Scheme 3.6: Calculated energies of transition states of substrates 1d, 1e, 1f and 10 demonstrating 
the kinetic preference for rearrangement towards a substituted meta position. All calculations 
conducted using the B3LYP/6-31G(d) method. 
Consideration of the frontier molecular orbitals of both the ground states and the transition 
states helps to explain the observed regiochemical preference. Previous analysis of substituent 
effects (Section 3.5) and Mulliken charges (Figure 3.7) indicate that the regioselectivity of the [3,3]-
rearrangement will be dictated by the interaction of the HOMO located on the ketene acetal and the 
LUMO located on the benzylic fragment. Molecular orbitals for the parent 1a and methoxy-
129 
 
substituted system 1d were calculated at the HF/6-31G level of theory (Figure 3.8). For ease of 
discussion, the substituent is assumed to be located on the C-5 position. 
 
Figure 3.8: Frontier molecular orbitals of parent substrate 1a and methoxy-substituted substrate 1d. 
Calculated at the HF/6-31G level of theory. Image produced using Gaussview (isovalue = 0.03). 
The localisation of the HOMO and LUMO orbitals is seen to be dependant on the presence 
(or absence) of the aromatic substituent (Figure 3.8). The HOMO of parent substrate 1a is 
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predominantly situated on the aromatic ring (and not the expected ketene acetal fragment) with a 
single node perpendicular to the plane of the system. Orbital coefficients are also present at the C-9 
hydrogen (which appears to hyperconjugate with the aromatic orbitals) and the ketene acetal 
terminal carbon C-3. The highest energy orbital which was localised on the ketene acetal fragment 
was found to be HOMO-2, with the terminus of the ketene acetal alkene (C-3) having a large orbital 
coefficient. This “ketene acetal HOMO” is therefore the orbital which will interact with the LUMO 
to dictate the reselectivity of the reaction. The LUMO of the substrate 1a is located on the aromatic 
ring.  
The HOMO for methoxy-substituted 1d is again localised on the aromatic ring (instead of 
the ketene acetal). The highest energy orbital localised on the ketene acetal fragment (the “ketene 
acetal HOMO”) is HOMO-1 and, unlike the HOMO-2 of 1a, is also observed to be situated on the 
aromatic ring and C-9 hydrogens. The LUMO possesses a nodal plane perpendicular to the plane of 
the aromatic ring, bisecting the C-5 and C-8 positions. This results in the orbital coefficient (2pz 
component) at the “ortho” site (C-4, +0.263) being significantly larger than that of the competing 
“para” site (C-8, –0.002). As the rearrangement is expected to occur at the site with the highest 
absolute density, this would suggest that the reaction will preferentially occur at the C-4 position 
leading to the ortho product, which is congruent with the observed experimental selectivity. 
Therefore, frontier molecular orbital analysis of the substrates correctly predicts that the Benzyl-
Claisen rearrangement will occur “towards” the meta-substituent to regioselectively generate the 
1,2,3-substituted product.  
3.7 Alder-ene Reaction of Isotoluene Intermediate  
In the course of the experimental investigation of the Benzyl-Claisen rearrangement, an 
intramolecular Alder-ene reaction of substrate 11 was used to verify the intermediacy of the 
dearomatised isotoluene moiety (See Section 2.9). Ketene acetal 11 was successful in forming the 
5-membered ring product 13-closed along with normal Benzyl-Claisen product 13-open in a 2:1 
ratio and 41% yield, the former by a tandem Benzyl-Claisen/Alder-ene reaction (Scheme 3.7). 
Notably, substrate 14 (which would be expected to form 6-membered ring product 16-closed) only 
generated the non-ring-closed product 16-open, in low yield (20%). Despite being initially 
conceptualised solely for use as a mechanistic probe, the tandem Benzyl-Claisen/Alder-ene reaction 
shows promise as a synthetic methodology in that it is able to generate substituted cyclic systems 
from simple acyclic starting materials in a single step. The Alder-ene reaction has been utilised 
successfully in the fields of complex molecule and natural product synthesis,
81,125
 though to a much 
lesser extent than other pericyclic reactions such as the Diels–Alder or Claisen rearrangements. 
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With the aim of rationalising the different reaction courses of ketene acetals 11 and 14 that have 
different tether lengths, as well as possibly extending the scope of the tandem process, an 
investigation into the intramolecular Alder-ene reaction of isotoluenes was conducted.  
 
Scheme 3.7: Course of tandem Benzyl-Claisen/Alder-ene reactions of ketene acetals 11 and 14. 
Transition state geometries and Gibbs free energies for the intramolecular Alder-ene 
reaction of TS-17a and TS-18a are shown in Scheme 3.8. The (ethoxycarbonyl)methyl of the 
experimental substrate was modelled as a methyl group (giving structures 17a and 18a) as the ester 
group was not expected to participate in the Alder-ene reaction. The lowest energy transition 
structure for the 5-membered ring substrate 17a was TS-17a (ΔG‡ = 22.7 kcal/mol). Consistent with 
previously reported Alder-ene reactions, the groups are oriented so that they are oriented cis in the 
product. Inspection of the transition state demonstrates that formation of the trans product would be 
energetically prohibitive as a strained cyclopentyl system, greatly distorted from the ideal geometry, 
would be required to bring the reacting carbon termini close in space.  
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Scheme 3.8: Transition state geometries and Gibbs free energies for the Alder-ene reactions of 17a 
and 18a. Calculated at the B3LYP/6-31G(d) level of theory. 
As shown in Scheme 3.8, transition state TS-18a (which leads to the 6-membered product) 
was found to have an activation energy of ΔG‡ = 25.8 kcal/mol, 3.1 kcal/mol higher in energy than 
the homologous 5-membered transition state TS-17a. Rearrangement of the 5-ring substrate 17a is 
therefore expected to be 300-times faster than the 6-ring substrate (at 25 
o
C). It should be noted, 
however, that the barrier of reaction for both 17a and 18a is significantly lower than the Benzyl-
Claisen rearrangement which precedes it (ΔG‡ = 30.5 kcal/mol at the B3LYP/6-31G(d) level of 
theory). It would therefore be expected that both substrates should undergo the Alder-ene reaction 
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under the reaction conditions (155 
o
C). It appears likely that the lower rate of the 6-membered 
Alder-ene reaction, compared to the 5-membered case, is sufficient to allow the competing 
rearomatisation process (which yields the conventional Claisen rearrangement products 13-open 
and 16-open) to predominate. 
The tandem Benzyl-Claisen/Alder-ene reaction described above, whilst being conceptually 
satisfying, is not a broadly applicable synthetic method. The main limitations of the process include 
the inability to form cyclohexyl ring systems, as well as the absence of functional grounds in the 
product which would allow further derivatisation. As a result, computational methods were also 
implemented in order to expand the scope of the reaction. It was envisioned that incorporation of a 
more reactive “enophile” component (present in alkyne-substituted 17b, cyano-substituted 17c, 
carbonyl-substituted 17d or imine-substituted 17e, see Scheme 3.9) would lower the barrier to 
reaction. This strategy, as well as possibly making the formation of 5-membered carbocycles more 
facile, may also permit the formation of 6-membered carbocycles. This strategy has the additional 
advantage of producing useful functionality in the product (exocyclic alkene 19b, imine 19c, 
alcohol 19d or amine 19e respectively) which may serve as a handle for subsequent modification.  
 
Scheme 3.9: Alternative intramolecular Ene reactions of 17b, 17c, 17d and 17e generating 
functionalised cyclopentanes 19b, 19c, 19d and 19e. 
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Figure 3.9: Optimised transition state geometries and activation free energies (kcal/mol) for 
intramolecular Alder-ene reaction of 5-membered ring substrates 17b, 17c, 17d and 17e. Calculated 
at the B3LYP/6-31G(d) level of theory. 
Figure 3.9 displays the optimised transition state geometries and Gibbs free energies for the 
intramolecular Alder-ene reaction of substrate 17b, 17c, 17d and 17e. The transition state 
geometries are similar to that of the parent 5-membered transition state TS-17a. Noticeably, the 
length of the forming C–C bond is shorter (significantly so in the case of the cyano-substituted 
system, 17b = 2.33 Å, 17c = 2.02 Å, 17d = 2.12 Å, 17e = 2.35 Å) than the alkene-substituted TS-
17a (2.41 Å). The bond lengths along the transferring proton are, however, similar. The Gibbs free 
energy for the Alder-ene reaction of alkyne-substituted 17b was calculated to be 21.7 kcal/mol, 
which is 1.0 kcal/mol lower in energy than equivalent reaction of alkene-substituted 17a. In a 
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similar manner, the Alder-ene reactions for nitrile-substituted 17c, carbonyl-substituted 17d and 
imine-substituted 17e were calculated to have activation energies of 24.1 kcal/mol, 20.5 kcal/mol 
and 21.8 kcal/mol respectively. Thus, carbonyl-substituted 17d and imine-substituted 17e are 
calculated to be 2.2 kcal/mol and 0.9 kcal/mol lower in energy than alkene-substituted TS-17a. On 
the other hand, cyano-substituted TS-17a is 1.4 kcal/mol higher in energy. Alkynes and carbonyls 
are known to be more reactive enophiles than unactivated alkenes.
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Figure 3.10: Optimised geometries and activation energies for intramolecular Alder-ene reaction of 
6-membered ring substrates 18b, 18c, 18d and 18e. Calculated at the B3LYP/6-31G(d) level of 
theory. 
Figure 3.10 shows the transition state geometries and Gibbs free energies for the Alder-ene 
reaction of the 6-membered homologues 18b, 18c, 18d and 18e. The length of the forming C–C 
bond is calculated to vary from 2.50 Å for 18b to 2.05 Å for 18d (compare 2.30 Å for the alkene-
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substituted 18a) while the forming and breaking C–H bonds are broadly similar. In contrast to the 
5-membered ring series, alkyne and imine enophiles are not calculated to facilitate the reaction, 
with barriers of activation for the alkyne-substituted TS-18b (ΔG‡ = 25.5 kcal/mol) and imine-
substituted TS-18e (ΔG‡ = 25.6 kcal/mol) similar to the alkene-substituted TS-18a (ΔG‡ = 25.8 
kcal/mol). The transition state for the cyano-substituted TS-18c, as with the 5-membered 
homologue, is calculated to higher in energy than the alkene derivative (ΔG‡ = 26.8 kcal/mol). 
However, the activation energy for carbonyl derivative TS-18d is calculated to be 20.2 kcal/mol, 
5.6 kcal/mol lower in energy than the alkene derivative TS-18a. This barrier is, in fact, comparable 
to that of the cyclopentyl alkene derivative TS-17a (modelled after the experimentally relevant 11) 
which suggests that cyclohexyl-systems may be able to be formed in the tandem Benzyl-
Claisen/Alder-ene reaction if a carbonyl enophile is used (assuming, of course, the aldehyde 
functionality is compatible with the ketene acetal and the conditions of the reaction). 
The results of this investigation support the proposal that the intramolecular Alder-ene 
reaction of isotoluenes should be able to be extended to other tethered functional groups, 
specifically alkynyl, carbonyl and imine groups. Cyano-groups are calculated to raise the activation 
energy of the process in all instances. Formation of cyclohexyl-systems may be possible in the 
reaction of carbonyl groups, which are calculated to lower the barrier of reaction significantly for 
the formation of both 5- and 6-membered rings. Rendering these predictions to practice will expand 
the scope of the tandem Benzyl-Claisen/Alder-ene reaction and in doing so allow access to readily 
functionalised aryl-substituted carbocycles. 
3.8 Mechanism of Rearomatisation 
The final feature of the Benzyl-Claisen rearrangement that was investigated with 
computations is the process by which the non-aromatic isotoluene intermediate is converted into the 
aromatic product. In order to generate the ultimate α-arylacetic acid product Prod-1a of the Benzyl-
Claisen rearrangement, the dearomatised intermediate Int-1a must, by some mechanism, transfer 
the internal proton substituting the tertiary position to the benzylic carbon (Scheme 3.10). If the 
activation energy for this process was higher in energy than the initial Benzyl-Claisen 
rearrangement (or was intermolecular and required the participation of a co-reactant that is present 
in low concentration under the reaction conditions) then this step would become rate determining. 
The possibility that a rate-determining rearomatisation step may be responsible for the divergent 
products observed on changing the solvent media (see Chapter 2.6) will be considered here. 
Isotoluenes are an intriguing class of compounds, most frequently generated by pericyclic 
rearrangements or photochemical processes (see Chapter 2.9) and, as discussed in Sections 2.9 and 
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3.7, their intermediacy in the Benzyl-Claisen rearrangement was conclusively demonstrated by the 
intramolecular Alder–ene reaction with a tethered alkene.  
 
Scheme 3.10: Necessary proton-transfer from isotoluene Int-1a to form Prod-1a. 
There are few reports in the literature studying this type of process. However, a useful 
comparison is found in the aromatic Claisen rearrangement, which also generates a dearomatised 
intermediate necessitating a proton-transfer step to form the final product. Yamabe et al.116 
determined computationally that the rearomatisation of allyl dienone Int-3 (formed from the 
Claisen rearrangement of allyl phenyl ether 3, Scheme 3.11) likely occurs by an asynchronous 
bimolecular proton transfer mechanism when conducted neat or in aprotic solvent. It should be 
noted that their report did not consider the involvement of protic functionalities (either solvent or 
the phenolic hydroxyl formed in the product) as acid catalysts. The activation energy for the proton-
transfer step was generally found to be similar to that of the preceding [3,3]-sigmatropic 
rearrangement (32.5 kcal/mol vs 32.3 kcal/mol at the MP2/6-31G(d)//RHF/3-21G level of theory) 
and therefore is not expected to be rate determining. In contrast, Zheng and Zhang,126 while 
investigating the “on-water” aromatic Claisen rearrangement, calculated the proton-transfer step to 
be rate-limiting in the reaction of neat allyl naphthyl ether 20, also via a bimolecular transition (ΔG‡ 
= 26.9 kcal/mol, the Claisen step was found to have ΔG‡ = 22.5 kcal/mol). The transfer step was not 
found to be rate limiting when water was present, as the solvent was able to act as an efficient 
proton shuttle.  
 
Scheme 3.11: Rearomatising bimolecular proton-transfer in the aromatic Claisen rearrangement of 
allyl phenyl ether 3, according to Yamabe, et al.
116
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Scheme 3.12: Rate-limiting proton-transfer in the aromatic Claisen rearrangement of neat naphthyl 
ether 20, according to Zheng and Zhang.
126
 
Proton transfer steps have also been found to be rate-limiting in other reactions involving 
initial pericyclic steps. Beauchemin has thoroughly investigated the Cope-type hydroamination,127 
which involves a concerted addition of hydroxylamine to an alkene or alkyne (TS-23) followed by 
reorganisation of the charged intermediate 24 to deliver the product 25 (Figure 3.11). DFT 
calculations at the B3LYP/TZVP level of theory showed that intramolecular proton transfer of the 
intermediate 24 was rate-determining for the reaction of alkenes (and, indeed, was energetically 
prohibitive). Alcoholic solvents, however, allowed a lower energy intermolecular 
deprotonation/reprotonation to occur by TS-24′, causing the proton transfer to no longer be rate-
limiting and allowing the overall transformation to become viable.   
 
Figure 3.11: Rate-limiting proton-transfer pathways in the Cope-type hydroamination described by 
Beauchemin.
127
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The investigation therefore set out to identify the specific mode by which the isotoluenes in 
the Benzyl-Claisen rearrangement rearomatise. The fact the dearomatised intermediate was able to 
be intercepted (in one instance) by an intramolecular Alder-ene (with a calculated activation energy 
of only 22.7 kcal/mol) suggests that the species has a significant lifetime. A concerted [1,7]-proton 
shift was dismissed, due to its requirement for an 8-electron, suprafacial reaction (which, under 
thermal conditions, is symmetry forbidden).123b Given the basic conditions utilised for the formation 
of the requisite ketene acetal moiety it was also sensible to rule out the participation of any trace 
acids. 
The possibility of deprotonation of the isotoluene Int-1a by the solvent (DMF) was explored 
computationally. Due to the favourable aromatic stabilisation that can be achieved by heterolysis of 
the C–H bond, it was expected that the dearomatised intermediate would have an acidity 
comparable to (or even greater than) other unsaturated carbon acids, such as cyclopentadiene. 
Transition state searches revealed a transition state (TS-26) in which deprotonation occurs 
simultaneously with C–C bond formation – i.e. an ene-like process (Figure 3.12). However, this 
transition state has a prohibitively high activation energy (ΔG‡ = 36.0 kcal/mol), 5.5 kcal/mol 
higher than the barrier for the preceding [3,3]-sigmatropic rearrangement, and, as the products of 
such a reaction (Int-26 or Prod-26) were not detected in our experiments, the likelihood of this 
process was ruled out.  
 
Figure 3.12: Possible Alder-ene reaction of isotoluene Int-1a and solvent DMF leading to 
hemiaminal Int-26 and aldehyde Prod-26. Calculated at the B3LYP/6-31G(d) level of theory. 
140 
 
The deprotonation of the isotoluene by methanol, acting as a computationally less intensive 
surrogate for t-butanol (which would be abundant following the elimination process) was then 
considered. A transition state was located (TS-27) in which rearomatisation occurs via a tandem 
deprotonation-reprotonation pathway (Figure 3.13). However, as with the previously described 
Alder-ene reaction of DMF, the prohibitively high activation energy for the transition (ΔG‡ = 38.7 
kcal/mol) renders this mode of rearomatisation is unlikely. The barrier is slightly higher in implicit 
(SMD) solvent. The failure of alcoholic solvents to effect aromatisation was surprising given the 
success of hydrogen bond donors in the related proton transfer reactions described earlier in this 
section.126-127 It appears likely that the hydroxyl group of methanol is inadequately basic to abstract 
a proton from the sp3 hybridised carbon of the isotoluene. Calculations predict that an analogous 
deprotonation-reprotonation process effected by the more strongly basic dimethylamine (TS-28, 
Figure 3.14) would be considerably more facile than the methanol-mediated process (ΔG‡ = 30.4 
kcal/mol). Solvation by implicit DMF is calculated to lower the barrier even further (ΔG‡ = 23.6 
kcal/mol), presumably due to the stabilisation of polarised transition state. Proton-transfer by this 
mechanism would permit rearomatisation at near-ambient conditions. While dimethylamine is 
present in trace quantities in DMF, its involvement is highly unlikely given that it is a gas at room 
temperature (and furthermore, completely absent in other successful solvents such as diglyme and 
DMSO). Nevertheless, the ability of secondary (and presumably primary) amines to enact facile 
rearomatisation of isotoluenes should be noted, as it may become useful in future development of 
the Benzyl-Claisen rearrangement. 
 
Figure 3.13: Transition state geometry and activation energy (kcal/mol) for proton transfer reaction 
of isotoluene Int-1a catalysed by methanol, calculated at the B3LYP/6-31G(d) level of theory. 
Values in square brackets are corrected for solvation in implicit DMF using the SMD method. 
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Figure 3.14: Transition state geometry and activation energy (kcal/mol) for proton transfer reaction 
of isotoluene Int-1a catalysed by dimethylamine, calculated at the B3LYP/6-31G(d) level of theory. 
Values in square brackets are corrected for solvation in implicit DMF using the SMD method. 
The deprotonation of the isotoluene by the potassium alkoxide base was also considered. 
Using potassium methoxide as a model, a transition state for the deprotonation of the C-4 sp3 
hybridised carbon of the isotoluene Int-1a was located (Scheme 3.13). The free energy for the 
process was found to be 2.2 kcal/mol lower than isolated potassium methoxide and the isotoluene 
Int-1a. IRC analysis indicated that the immediate product was a potassium complex of methanol 
and benzyl anion 30 (22.4 kcal/mol lower than ketene acetal 1a, 21.6 kcal/mol lower than 
isotoluene Int-1a). Conformational reorganisation of the complex, followed by proton transfer from 
the methanol to the benzylic centre, would furnish the aromatic product and regenerate the 
methoxide base, thereby making the process catalytic. The potassium counter-ion appears to be 
essential in preorganising and activating the species in the deprotonation pathway as transition state 
searches failed with omission of the cation.  
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Scheme 3.13: Energy minimised geometries, enthalpies and Gibbs free energies (kcal/mol, relative 
to isolated potassium methoxide and ketene acetal 1a) for substrate complex 29, transition state TS-
29 and product complex 30 (connected by IRC analysis). Calculated at the B3LYP/6-31G(d) level 
of theory. 
The predicted barrier for deprotonation of the isotoluene by potassium methoxide (TS-29) is 
not expected to reflect accurately the rate of deprotonation in solution, because it does not take into 
account the effects of aggregation or solvation, especially the specific interactions of the potassium 
143 
 
cation with solvent molecules. Although accurate modelling of the solvated transition state is 
difficult, and is further complicated by the need to sample many conformations of the potassium-
associated DMF molecules, an effort to locate a more chemically reasonable transition state than 
TS-29 was made by introducing several explicit DMF molecules. With the geometry of the core 
transition state (TS-29) frozen, DMF ligands were added to the potassium ion in a stepwise fashion, 
with geometry optimization of each of each successive complex. It was found that four DMF 
molecules were required to completely fill the potassium cation coordination sphere (TS-31, as 
shown in Figure 3.15). IRC calculations confirmed that this transition state correctly linked the 
isotoluene complex 31 with its conjugate base 32. The barrier for the deprotonation in the presence 
of the four DMF ligands was ΔH‡ = -4.1 kcal/mol, ΔG‡ = 8.1 kcal/mol relative to the ketene acetal 
1a, and only ΔG‡ = 2.0 kcal/mol relative to the substrate complex. While the explicit solvent model 
for the deprotonation step is simplistic (KOMe•(DMF)4 is likely to be more highly solvated in 
solution and would therefore require ligand exchange in order to associate with the isotoluene), the 
energy for the real process is likely to be similar to the calculated value. This barrier is easily 
surmountable and lends confidence to the prediction that deprotonation by potassium t-butoxide is 
facile.  
 
Figure 3.15: Energy minimised geometries, enthalpies and Gibbs free energies (kcal/mol) for 
substrate complex 31, deprotonation transition state TS-31 and product complex 32 (connected by 
IRC analysis) containing explicit solvent DMF. Optimised at the B3LYP/6-31G(d) level of theory. 
Energies are relative to the isolated ketene acetal 1a and KOMe•(DMF)4 complex. 
On the basis of the calculated barriers for the rearomatisation processes considered above, it 
can be tentatively proposed that the rearomatisation of the isotoluene intermediate in the Benzyl-
Claisen rearrangement involves KOtBu. This may lead to an explanation for the observed solvent 
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dependence of the Benzyl-Claisen rearrangement which relates to the availability and reactivity of 
base in solution. The ability of highly polar, aprotic solvents to enhance the basicity of anions (by 
coordination of their associated anions) is well documented.128 As such, the base strength of tert-
butoxide is commonly reported to be significantly higher in the protic, apolar solvent DMSO than 
in THF or toluene.128b,129 In addition to the activating effect conveyed by coordination of the cation, 
it is also believed that polar solvents increase the basicity of tert-butoxide by depolymerising 
aggregates (KOtBu is reported to exist as a tetramer in benzene).130 Both Bank131 and Cram132 have 
noted the strong positive correlation between reaction rate and aprotic solvent polarity in alkoxide-
catalysed deprotonations. For instance, the base-catalysed isomerisation of alkenes is 1580 times 
faster when conducted in pure DMSO compared to diglyme.131 Values for the rate of reaction in 
aromatic solvents are absent.  
Following from the above considerations, it is expected that the base-catalysed 
rearomatisation of isotoluene Int-1a, when conducted in polar solvents (DMF, DMSO and 
diglyme), will be rapid compared to the initial conversion of ketene acetal 1a to the intermediate. In 
contrast, in non-polar solvents (i.e. xylenes) the available concentration/basicity of the alkoxide is 
low and, as a result, the deprotonation/reprotonation sequence required for aromatisation would be 
kinetically retarded. As the barrier to radical homolysis has previously been calculated to be 
competitive with the Benzyl-Claisen rearrangement (see Section 3.4), and given the propensity for 
isotoluenes to engage in radical processes (as detailed in Section 2.9), it can be expected that 
homolytic cleavage of the newly formed C–C bond will occur leading to the observed radical by-
products (on the basis of the energies calculated in Sections 3.2 and 3.4, the free energy barrier for 
radical homolysis of the isotoluene is 34.5 kcal/mol).  
The rearomatisation pathway proposed for the Benzyl-Claisen rearrangement is distinct 
from that of conventional aromatic Claisen rearrangements in that the tautomerisation step is 
potentially rate-limiting. As discussed previously, the conversion of the dienone intermediate Int-3 
to the final phenol product Prod-3 of the aromatic Claisen rearrangement has been calculated to 
occur either by a bimolecular process,116 or water-assisted proton transfer126 (depending on the 
conditions utilised). Attempts to locate a concerted bimolecular transition state (analogous to that 
found by Yamabe116) for the isotoluene intermediate failed. Such a reaction in the isotoluene case is, 
when concerted, symmetry-forbidden (8-electron, suprafacial).123b A related stepwise deprotonation 
could not be located. Hydrogen-bonding solvents, which could mediate the alternative process, are 
also absent. Yamabe specifically ruled out the involvement of deprotonation pathways in the 
rearomatisation of the dienone intermediate Int-3 as it was found to be energetically 
unreasonable.116 Typical conditions for aromatic Claisen rearrangements, however, do not contain 
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strong bases such as t-butoxide, which is present in the Benzyl-Claisen rearrangement and can 
facilitate deprotonations.  
As a criticism of the proposed rearomatisation pathway, it should be noted that KOtBu (or 
other strong bases) is absent in several other Benzyl-Claisen rearrangements (see section 1.5.3). In 
fact, of all the known cases, only that reported by McElvain includes this reagent.67 For some 
Benzyl-Claisen rearrangements, alternative mode of rearomatisation may exist: for example, in 
Raucher’s Claisen rearrangement of mandelate esters, which occurs under Johnson–Claisen 
conditions, rearomatisation almost surely occurs with the carboxylic acid catalyst acting as a 
proton-shuttle.63 For others, however, the means by which the intermediate isotoluene is converted 
to the product remains unknown. The reactions reported by le Noble and Eschenmoser, for instance, 
occur under essentially neutral conditions.18,64 Interestingly, however, Eschenmoser’s 
recommendation that DMF be used as the ideal solvent for the Benzyl-Claisen rearrangement was 
due to formation of side product 38 (in up to 30% yield) when the reaction was conducted in xylene 
(see Scheme 3.14). Such products did not form in DMF. On closer examination, keto-amide 38 
appears to have been formed by an initial Benzyl-Claisen rearrangement followed by an 
intermolecular Alder-ene reaction with isotoluene 36. This suggests that the rearrangement 
sequence is stalling at the rearomatisation step in xylene (possibly due to the absence of a charge-
separated/base mediated pathway) which instead leads to the isotoluene intermediate engaging in 
alternative reactions. This is consistent with the experimentally observed formation of radical 
product for reactions conducted in non-polar solvents (see section 2.6), and supports the hypothesis 
that the divergent reaction pathways observed in different solvents in the Benzyl-Claisen 
rearrangement are due to the conditions required for the rearomatisation step. 
 
Scheme 3.14: Plausible pathway for formation of keto-amide 38, isolated from the Eschenmoser–
Claisen rearrangement of benzyl alcohol 33 in xylene.
18b
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If the current proposal regarding base-mediated rearomatisation is taken to be correct, then a 
number of predictions emerge for future study. Rearrangements conducted in polar solvents, in 
which all traces of acid and base have been removed, should lead to products from radical reactions 
(or other processes). There is a difficulty in testing this expectation as the ketene acetals 
investigated are formed under basic conditions and are extremely sensitive to acids (even very weak 
acids such as unhindered alcohols or water). Alternatively, non-polar solvents which contain bases 
that mediate the rearomatisation step (such as the highly active KOtBu/18-crown-6 ether reagent 
combination, or the secondary amines outlined previously) should permit the Benzyl-Claisen 
rearrangements to occur. Finally, reactions in which rearomatisation is an undesired transformation, 
such as the tandem Benzyl-Claisen/Alder-ene process, should occur with less side-product 
formation (and therefore in higher yields) when conducted in non-polar solvents as the competing 
pathway is supressed. These predictions will not only be useful in extending the Benzyl-Claisen 
rearrangement to other solvent systems, but also in developing a catalysed variant of the reaction. 
Effective acceleration of the transformation will require efficient methods to lower the activation 
energy of both the sigmatropic and proton-transfer steps.  
It is advisable at this point to consider the legitimacy of the calculated energies along the 
pathway to the rearomatised product. The recent report by Singleton,133 which demonstrated that a 
number of commonly utilised computational methods gave a wide (and at often times fantastical) 
range of calculated energies for the Morita–Baylis–Hillman reaction, warned against placing 
confidence in a particular technique without benchmarking it against bona-fide experimental kinetic 
data. In the current study, B3LYP/6-31G(d) is likely to have robust utility in estimating the energies 
of the Claisen rearrangement step, but the expected accuracy for calculation of the subsequent 
deprotonation is more difficult to estimate. Given the complexity of the system investigated and the 
multitude of interactions possible (particularly with multiple solvent and reagent conformations) it 
is certain that calculated energies for the reprotonation step are different from the real value. This 
should not diminish the value of the investigation. Others have proposed that computational 
chemistry, especially when applied to organic chemistry, does not promise to provide exact or 
universally correct reaction energies but is instead utilised as a tool to guide discovery.134 It is in this 
spirit that the current study was conducted. Attempts could be made to determine the experimental 
rate constants of the Benzyl-Claisen rearrangement under a range of conditions so that 
computational values computed with different models may be assessed. Accurate kinetic data for 
the entire reaction pathway (as well as isotopic labelling studies and kinetic isotope effects), in 
conjunction with computationally derived energies, would enrich the mechanistic understanding of 
the Benzyl-Claisen rearrangement and allow further extensions of the rearrangement as a synthetic 
methodology. 
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3.9 Conclusion 
Computational studies have been used to study the reaction mechanism of the Benzyl-
Claisen rearrangement. On the basis of B3LYP and CBS-QB3 calculations, the initial [3,3]-
sigmatropic rearrangement is shown to be a concerted process with a chair-like transition state. A C-
2 alkoxy substituent is seen to be essential in lowering the activation energy of the reaction relative 
to the unsubstituted parent (thereby making the transformation kinetically accessible) and in 
rendering the reaction exothermic (and so thermodynamically favouring product formation). The 
effect of solvent on the reaction was investigated computationally using a number of implicit 
continuum methods. In difference to previous reports for the aliphatic and aromatic Claisen 
rearrangements, solvent was calculated to have a minimal impact on the barrier for the Benzyl-
Claisen rearrangement. Radical scission of the benzylic C–O bond of the substrate ketene acetal (or 
newly formed C–C bond in the isotoluene intermediate) was calculated to be competitive with the 
Benzyl-Claisen rearrangement. However, given the difficulty in modelling the entropy of the 
homolysis transition state, it is likely that the barrier for the radical scission is slightly higher in 
energy than that of the desired [3,3]-sigmatropic reaction. 
Substituent effects on the Benzyl-Claisen rearrangement of the benzyl vinyl ether and 
methyl benzyl ketene acetal were computed and found to be in agreement with experimental data. 
The regioselective preference for rearrangement “towards” an existing meta-substituent agreed with 
the selectivity predicted computationally. A lowering in the energy of the lowest unoccupied 
molecular orbital was proposed to be responsible for the “meta effect” and substrates in which 
selectivity would be abolished were suggested. 
The intramolecular Alder-ene reaction of the isotoluene intermediate was modelled 
computationally. The activation free energy for the formation of the cyclopentyl product was found 
to be lower than that of the cyclohexyl case, which is consistent with the experimental data in which 
only the 5-membered system was observed to undergo the Alder-ene reaction. Future extensions to 
the process which involve the use of alternative enophiles were also proposed. 
Finally, a facile deprotonation/reprotonation pathway involving potassium tert-butoxide was 
located which, in combination with previous literature, tentatively suggests that the profound 
solvent sensitivity of the reaction is due to the varying availability and activity of the strong base in 
polar or non-polar solvents. In solvents where KOtBu is less basic (such as xylene), rearomatisation 
is uncompetitive with C–O/C–C bond homolysis, which leads to by-products from radical reactions. 
3.10 Computational data 
Computational data for Chapter 3 are included in Appendix A. 
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4 Chapter 4 – Attempted Catalysis of the Benzyl-Claisen Rearrangement. 
The preceding experimental (Chapter 2) and computational (Chapter 3) investigations into 
the Benzyl-Claisen rearrangement have shown that benzyl ketene acetals 1 can undergo [3,3]-
sigmatropic rearrangements to yield α-arylacetate products 3 (Scheme 4.1). It has been 
demonstrated that the process is a concerted reaction, analogous to the normal aliphatic and 
aromatic Claisen rearrangements, through trapping of the isotoluene intermediate 2 (which must 
arise from a Claisen rearrangement of the benzyl ketene acetal 1, see Section 2.9) and on the basis 
of energies and transition state geometries calculated using DFT computational methods (see 
Section 3.2). 
 
Scheme 4.1: The Benzyl-Claisen rearrangement. 
A major drawback of the Claisen rearrangement is that it requires elevated temperatures 
(~155 
o
C), which may promote undesirable side reactions (such as substrate decomposition) thereby 
limiting its compatibility with sensitive functional groups. In other types of Claisen rearrangements, 
this weakness has previously been addressed by the use of catalysts, which coordinate the substrate 
in such a way as to lower the activation energy of the reaction. A diverse range of catalytic reagents 
have been developed which can be divided into Lewis acid (see Section 1.3.1) or hydrogen-bond 
donor (Section 1.3.2) catalysts.  
A number of Lewis acid catalysts originally developed for the aliphatic Claisen 
rearrangement may be suitable for the Benzyl-Claisen rearrangement as it can be expected that they 
will stabilise the transition state of the benzylic TS-5 in a manner similar to that of the aliphatic TS-
4 (i.e. by coordination of the ethereal oxygen, see Figure 4.1). Koch, et al. have demonstrated that 
Lewis acids (particularly TiCl4) promote the room-temperature Ireland–Claisen rearrangement of 
silyl ketene acetals 7 (which are structurally similar to alkyl ketene acetals) that would otherwise 
require more forcing conditions (Scheme 4.2).
37
 The catalyst likely acts by coordinating to the 
benzylic ketene acetal oxygen in an analogous manner to the aliphatic Claisen rearrangement. From 
within the McGeary group, Cosgrove has applied aluminium-based Lewis acids (specifically 
triisobutylaluminium, TIBAL) to the room temperature Johnson–Claisen rearrangement of benzyl 
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orthoester such as 9 (Scheme 4.3). The yields for the process were reported to be artificially low 
due to difficulties with product isolation. The catalysed reaction was also incompatible with 
electron-rich aromatic systems (4-methoxybenzyl orthoester 14) as numerous side products 
resulting from C–O bond heterolysis (such as 16 and 18) were isolated (Scheme 4.4). The results 
suggest that, for the Benzyl-Claisen rearrangement, strong Lewis acids may generally promote 
substrate fragmentation in preference to, or at least in competition with, the desired [3,3]-
sigmatropic shift.  
 
Figure 4.1: Analogous activation of the Claisen TS-4 and Benzyl-Claisen TS-5 transition states 
through coordination of the ethereal oxygen by a Lewis acid. 
 
Scheme 4.2: Lewis acid-catalysed Ireland–Claisen rearrangement of silyl ketene acetal 7 according 
to Koch, et al.
37
 
 
Scheme 4.3: Cosgrove's aluminium catalysed Benzyl-Claisen rearrangement of benzyl orthoester 
9.
68
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Scheme 4.4: TIBAL-mediated Benzyl-Claisen rearrangement of electron-rich orthoester 14. 
Adapted from Cosgrove.
68
 
In contrast to conventional Lewis acid catalysts, hydrogen-bonding catalysts, which have 
also been used in the Claisen rearrangement, may serve as a milder alternative in catalysis of the 
Benzyl-Claisen rearrangement. Curran,
39
 and Jacobsen,
23a,23c
 have shown that dual hydrogen bond 
donors (such as ureas 19, thioureas 20 and guanidinium salts 21, see Figure 4.2) accelerate the 
Claisen rearrangement of allyl vinyl ethers with polarised transition states (particularly those 
substituted at the C-6 position with π-donors, see section 1.3.2). Although these catalysts have not 
been applied to the Claisen rearrangement of allyl vinyl ethers possessing π-donors at the C-2 
position, it is expected that such substrates will be tolerated. Benzyl ketene acetal 1 is expected to 
engage in 2-point binding with the dual hydrogen-bond donors through either one (22) or both (23) 
of the substrate oxygens (Figure 4.2).  
 
Figure 4.2: Structure of dual hydrogen bond catalysts 19-21 and possible interactions with ketene 
acetal substrate. 
While literature precedent exists for the accelerating effect of Lewis acids and hydrogen-
bond donors in aliphatic Claisen rearrangements, a note of caution is advised when considering the 
application of these catalysts to the Benzyl-Claisen rearrangement. The known sensitivity of ketene 
acetals to protic media
71
 and acids (of both the Lewis and Brønsted types),
135
 suggests that acidic 
catalysts may be fundamentally incompatible with the current form of the Benzyl-Claisen 
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rearrangement. Nevertheless, the testing of such reagents is worthwhile as a successful outcome 
could significantly extend the scope of the Benzyl-Claisen rearrangement. 
Given the well-developed precedent for the use of acid catalysts in the Claisen 
rearrangement, it was of interest to see whether similar reagents could be applied to the Benzyl-
Claisen rearrangement. A short computational investigation using DFT methods was undertaken in 
order to predict the magnitude of the barrier-lowering effect that potential catalysts may have on the 
reaction. Subsequently, a number of readily available additives were trialled in the reaction of 
benzyl ketene acetal 1 to determine their influence (if any) on the course of the rearrangement. 
4.1 Computational Investigation of Model Catalysts 
As discussed previously (Section 1.4.4), the mode of action and effect of catalysts in the 
Claisen rearrangement have been extensively investigated by computational methods. Hydrogen 24 
(H
+
) and ammonium 25 (NH4
+
) ions have previously been utilised as simplified acid catalysts by 
Houk, et al. for the aliphatic Claisen rearrangement of allyl vinyl ether.
59
 Hiersemann has 
meticulously investigated the catalysis of the Gosteli–Claisen rearrangement by the neutral dual-
hydrogen bond donor, diphenylthiourea 20.
40
 Jacobsen has also calculated the effect of the cationic 
guanidinium 28 (Figure 4.3, which serves as a model for diphenylguanidinium salt 21 as shown in 
Figure 4.2) in the Gosteli–Claisen rearrangement.23a,23c Notably, the studies of Houk, et al.59 and 
Jacobsen, et al.
23a,23c
 did not utilise continuum models for the effect of solvent, optimising all 
structures (including cationic species) in the gas phase. 
Based on the previous investigations, proton 24, ammonium cation 25, urea 26, thiourea 27 
and guanidinium cation 28 were selected as model hydrogen-bond donors for the computational 
investigation into catalysis of the Benzyl-Claisen rearrangement (see Figure 4.3). Additionally, 
boron trifluoride 29 was selected as a model Lewis acid. 
 
Figure 4.3: Model hydrogen-bond donors used in this study. 
Ketene acetal 10, as used in Chapter 3, was selected to investigate the catalysed [3,3]-
sigmatropic rearrangement. To allow comparison with the computed reaction free energies reported 
in Section 3.2, the B3LYP/6-31G(d) method was again implemented (for methods see Section 3.1). 
As stated, model acid catalysts (proton 24, ammonium cation 25, urea 26, thiourea 27, guanidinium 
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cation 28 and boron trifluoride 29) were selected in order to test their effect on the Benzyl-Claisen 
rearrangement of benzyl ketene acetal 10. Cationic species (proton 24, ammonium 25 and 
guanidinium 28) were optimised without an explicit anion. Unless otherwise stated, all ground and 
transition state structures were optimised in the gas phase.  
Figure 4.4 display the transition state geometries and activation energies for the catalysed 
Benzyl-Claisen rearrangements of TS-10.24 and TS-10.25. The activation free energy for the 
proton case (TS-10.24) is calculated to be 3.5 kcal/mol, a full 27 kcal/mol lower than the 
uncatalysed process. The model for catalysis in this instance is clearly unrealistic. The benzylic C–
O for the transition state geometry is seen to lengthen considerably (2.91 Å vs 2.08 Å in the parent 
case), so much so that the structure could be described as a loosely associated enol-benzyl cation 
complex. An essentially identical distortion of the transition state has been calculated by Houk, et 
al. for the aliphatic Claisen rearrangement of allyl vinyl ether catalysed by a proton (which noted 
that the highly polarised substrate would be prone to solvolysis/nucleophilic substitution).
59
 The 
effect of the ammonium group, on the other hand, is calculated to be more moderate. The activation 
free energy for TS-10.25 is calculated to be 21.9 kcal/mol, 8.6 kcal/mol lower than the parent TS-
10. The benzylic C–O bond is still noted to be lengthened slightly (2.56 Å), though not to the extent 
of the proton case TS-10.24. Additionally, proton transfer is observed to have occurred in TS-10.25 
such that the hydrogen is bonded to the ketene acetal oxygen, thereby giving an enol-ammonia 
complex rather than an enolate-ammonium structure. 
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Figure 4.4: Transition state geometries and Gibbs free energies of activation for catalysed Benzyl-
Claisen rearrangement of proton-coordinated (TS-10.24) and ammonium-coordinated (TS-10.25) 
ketene acetals. Calculated at the B3LYP/6-31G(d) level of theory. 
The optimised transition state geometries and activation free energies for urea complex TS-
10.26, thiourea complex TS-10.27 and guanidinium complex TS-10.28 are shown in Figure 4.5. In 
all cases the catalysts are observed to doubly coordinate the benzylic oxygen. The barrier to reaction 
for the urea, thiourea and guanidinium complexes was found to be 28.4 kcal/mol, 28.0 kcal/mol and 
27.4 kcal/mol, respectively, 2-3 kcal/mol lower in energy than the uncatalysed process. This 
compares well the barrier-lowering effect of thiourea (3.1 kcal/mol)
40
 and guanidinium catalysts 
(4.4 kcal/mol)
23c
 in the Gosteli–Claisen rearrangement. Additionally, the barrier-lowering effect 
parallels the increasing acidity of the catalyst. An alternative transition state, in which both oxygens 
are coordinated, was located for the urea catalyst and found to possess a free energy barrier of 31.2 
kcal/mol. The calculated barrier lowering effect of the catalysts suggests that rate enhancements in 
the order of 160 times might be possible (calculated from the Eyring equation at 25 
o
C). 
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Figure 4.5: Transition state geometries and Gibbs free energies of activation for catalysed Benzyl-
Claisen rearrangement of urea-coordinated (TS-10.26), thiourea-coordinated (TS-10.27) and 
guanidinium-coordinated (TS-10.28) ketene acetals. Calculated at the B3LYP/6-31G(d) level of 
theory. 
Finally, in order to test other catalyst types, boron trifluoride (BF3, a model Lewis acid) was 
utilised in the computational investigation. Figure 4.6 shows the optimised transition state structure 
TS-10.29 and activation free energy for the catalysed Benzyl-Claisen rearrangement of 10. In 
contrast to the hydrogen-bonding catalysts, the boat transition state TS-10.29-boat was observed to 
be lower in energy than the chair structure TS-10.29-chair. This is rationalised as being due to the 
greater steric demand of the BF3 Lewis acid 29 (which is tetrahedral when bound) relative to the 
ammonium and dual-hydrogen bond donors (which are more distantly coordinated through the 
proton) requiring the –OMe group to be oriented s-cis with respect to the C=C bond. The activation 
energy for the Benzyl-Claisen rearrangement of complex TS-10.29-boat was calculated to be 22.2 
kcal/mol, 8.3 kcal/mol lower than the uncatalysed parent reaction and therefore over 1 million times 
faster (calculated from the Eyring equation at 25 
o
C). This again suggests that Lewis acid catalysis 
may be useful in accelerating the Benzyl-Claisen rearrangement.  
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Figure 4.6: Transition state geometries and Gibbs free energies of activation for catalysed Benzyl-
Claisen rearrangement of BF3-coordinated (TS-10.29) ketene acetal. Calculated at the B3LYP/6-
31G(d) level of theory 
4.2 Screening of Potential Catalysts 
In order to efficiently screen the effect of a range of additives on the Benzyl-Claisen 
rearrangement, a method incorporating NMR spectral analysis was devised. The common NMR 
solvent CDCl3 (which was stored over anhydrous K2CO3 in order to remove trace acid) was chosen 
due to the requirement of the acidic catalysts for a non-coordinating reaction medium. Ketene acetal 
1 was synthesised as described in Section 2.3. Catalysts were added to a solution of the ketene 
acetal 1 (~0.1 M) and the progress of any reaction was then followed by NMR spectroscopy. 
Alternatively, when an anhydrous solution was required, the catalyst was dissolved separately in 
CDCl3 to form a ~0.02 M solution and the mixture dried over activated 3 Å molecular sieves. 
Ketene acetal 1 was then added to this solution and the reaction followed by 
1
H NMR spectroscopy. 
Diphenylguanidinium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 32 (also known as 
diphenylguanidinium barfate), which has been used previously by Jacobsen,
23a
 was initially 
selected. The non-coordinating barfate counter-ion was shown to be essential for activity by 
Jacobsen, with guanidinium catalysts with alternative anions (such as Cl
-
 and BF4
-
) giving low 
conversions. The compound was synthesised according to the known literature procedure
23a
 which 
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involved protonation of the free base diphenylguanidine 30 to generate the hydrochloride salt 31, 
followed by anion exchange with sodium barfate in DCM (see Scheme 4.5).  
 
Scheme 4.5: Synthesis of guanidinium barfate 32. 
Addition of catalyst 32 to a solution of ketene acetal 1 in CDCl3 led to the formation of 
benzyl acetate 34 and benzyl alcohol 13 (Scheme 4.6) before the 
1
H NMR spectrum was able to be 
acquired (> 5 minutes) as evidenced by the appearance of peaks at 5.11 and 2.11 ppm 
corresponding to the benzylic and acetate methyl protons. The generation of such products 
suggested that catalyst 32 was activating residual water to add across the ketene acetal alkene bond. 
In an effort to prevent the hydrolysis pathway from operating, a solution of catalyst 32 (~0.02 M) 
was prepared in CDCl3 and dried over 3 Å molecular sieves. Addition of ketene acetal 1 to the dried 
catalyst solution at room temperature led to a gradual colour change from yellow to orange to red 
over the course of a minute. Analysis by 
1
H NMR spectroscopy revealed a broadening and lowering 
in intensity of all peaks suggesting that the ketene acetal was forming polymeric adducts. No signals 
corresponding to the product from [3,3]-rearrangement 3 were observable. A characteristic red 
colour has previously been observed in the acid-catalysed polymerisation of ketene acetals.
135
  
157 
 
 
Scheme 4.6: Hydrolysis and polymer formation catalysed by guanidinium salt 32. 
The incompatibility of ketene acetal 1 with guanidinium 32 (seemingly due to the acidic 
nature of the catalyst) led to the consideration of less acidic alternatives. Commercially available 
diphenylurea 19 and diphenylthiourea 20, which are structurally similar to the urea and thiourea 
catalysts used by Curran (see Section 1.3.2),
39
 were then selected for study (Figure 4.7). The acid 
dissociation constants for 19 and 20 (pKa = 19.5 and 13.5 respectively)
136
 are also greater than that 
of guanidinium 32 (pKa = 10.2) and therefore are less acidic.
41
 Addition of urea 19 to an undried 
CDCl3 solution of ketene acetal 1 again led to the products of hydrolysis (benzyl alcohol 13 and 
benzyl acetate 34). Unlike the guanidinium catalyst 32, however, no polymer formation could be 
detected in an anhydrous solution of urea 19 and ketene acetal 1 at room temperature. The reaction 
mixture contained in the NMR tube was therefore heated to 60 
o
C for 24 hours in an effort to effect 
the Benzyl-Claisen rearrangement. No product formation could be observed by NMR spectroscopic 
analysis of the reaction mixture after heating, though minor hydrolysis products were present 
(presumably formed from adventitious water). The more acidic thiourea 20 was also tolerated by 
the ketene acetal in an anhydrous solution at room temperature. However, as with urea 19, heating 
to 60 
o
C for 24 hour also failed to yield the [3,3]-rearranged product, instead producing a complex 
mixture. Curran has noted that diphenylthiourea catalysts decompose at high temperatures (~80 
o
C).
39
 
 With the failure of the trailed hydrogen bond donors to catalyse the Benzyl-Claisen 
rearrangement of ketene acetal 1, a number of other readily available additives were trialled. 
Kobayashi has shown that lanthanide triflates such as ytterbium triflate 36 (Figure 4.7), which is 
reported to be a mild and water-tolerant Lewis acid, can be used as a catalyst for the Aldol reaction 
of silyl enol ethers and aldehydes in aqueous THF.
137
 Notably, the acid and water-sensitive silyl 
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enol ethers (which are structurally similar to ketene acetal 1) were not hydrolysed under the reaction 
conditions. In the hope that hydrolytic side reaction could be avoided, ytterbium triflate 36 was 
added to a solution of ketene acetal 1 in CDCl3 and the reaction followed by NMR spectroscopy at 
room temperature. Unfortunately, as with the other acid catalysts, hydrolysis of the ketene acetal 1 
to benzyl acetate 34 and benzyl alcohol 13 was observed (and, in fact, occurred at such a rate that 
the reaction could be monitored over the course of 2-3 
1
H NMR experiments, ~30 minutes). No 
attempt was made to test the reaction under anhydrous conditions. 
Finally, butylated hydroxytoluene 35 (or BHT, see Figure 4.7), a radical inhibitor commonly 
added to commercially available solvents, was tested in the reaction. Due to the bulky t-butyl 
groups adjacent to the phenolic hydroxyl, it was not expected that 35 would act as a hydrogen-
bonding catalyst. Rather, it was hoped that 35 would supress the formation of radical products 
which are observed when the Benzyl-Claisen rearrangement is performed in non-polar solvents 
such as xylenes (see section 2.6). However, inhibitor 35 was unable to prevent the formation of 
radical products by ketene acetal 1 when present in substoichiometric amounts in refluxing xylenes 
(see Table 4.1). 
 
Figure 4.7: Catalysts tested in the Benzyl-Claisen rearrangement of ketene acetal 1. 
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Table 4.1: Conditions and results for the attempted catalysis of the Benzyl-Claisen rearrangement 
of ketene acetal 1. 
Conditions (0.1 M ketene acetal 1 used) Result 
CDCl3, ~10 mg Guan barfate 32 “wet” Hydrolytic products (BnOAc 34, BnOH 13) 
CDCl3, 0.02 M Guan barfate 32, dried over 3 Å 
molecular sieves 
Polymer (evidenced by orange/red colour and 
1
H 
NMR signals corresponding to polymer formation, 
(δ 5.88, br s) 
CDCl3, ~10 mg Yb(OTf)3 36 Hydrolytic products (BnOAc 34, BnOH 13) 
CDCl3, ~10 mg diphenylurea 19 “wet” Hydrolytic products (BnOAc 34, BnOH 13) 
CDCl3, 0.02 M diphenylurea 19, dried over 3 Å 
molecular sieves, 60 
o
C, o/n No reaction, slight hydrolysis 
Xylene, 0.02 M BHT 35, reflux (130 
o
C), 21 hours Radical products, no protective effect of BHT 35 
CDCl3, 0.02 M diphenylthiourea 20, dried over 3 
Å molecular sieves, reflux, overnight No reaction, decomposition 
 
From this survey it appears that acidic reagents may be generally incompatible with the 
ketene acetal substrate 1 and, therefore, unable to catalyse the Benzyl-Claisen rearrangement. In all 
cases, rapid hydrolysis or polymerisation was facilitated ahead of the desired reaction. The urea 19 
and thiourea 20 catalysts, which did not lead to the generation of side products under anhydrous 
conditions, were not observed to catalyse the Benzyl-Claisen rearrangement of ketene acetal 1 in 
hot chloroform. The results would suggest that other classes of reagents which are less acidic and 
do not operate by electrophilic activation of the ether oxygen may be required to promote the 
desired [3,3]-sigmatropic rearrangement of ketene acetal substrates. 
4.3 Proposed Alternative Benzyl-Claisen Rearrangement 
While benzyl ketene acetals are, at present, the most effective class of substrates in the 
Benzyl-Claisen rearrangement, it seems that their extension to a more thermally benign, catalysed 
variant is unlikely. This stems from the incompatibility of ketene acetals with the classes of 
activators/catalysts (such as acid catalysts and hydrogen-bonding solvents) typically applied to the 
aliphatic Claisen rearrangement (see Section 1.3 and 1.1.4). In this vein, the main drawbacks of the 
current system are: 
 The weakness of the benzylic C–O bond, which is prone to both heterolytic and/or 
homolytic cleavage depending on substrate substitution, solvent or reagents used, as seen in 
Section 2.6 and Chapter 4. This is due to the stability of the derived benzylic cation or 
radical. The barrier for radical homolysis is calculated to comparable to that of the desired 
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[3,3]-sigmatropic rearrangement (see section 3.4). In contrast, homolysis/heterolysis of the 
C–O bond is rarely encountered in the aliphatic Claisen rearrangement. 
 The fact that standard catalyst classes (Lewis acids, H-bond catalysts), which typically lower 
the activation energy of the Claisen rearrangement by coordinating to the vinyl ether 
oxygen, exacerbate the aforementioned unproductive substrate fragmentation. 
 The rearomatisation step, which is believed to require strong base (KOtBu) in polar 
coordinating solvents in order to be competitive with the undesired radical processes (as 
detailed in section 3.8). Strong bases, inactivate and degrade (and in turn are inactivated and 
degraded by) Lewis/Brønsted acid catalysts. For comparison, the 
tautomerisation/isomerisation of dearomatised intermediates in the aromatic Claisen 
rearrangement is not rate-limiting and does not occur under special conditions (Section 3.8). 
 The hydrolytic instability of the ketene acetal moiety. Acid catalysts, as demonstrated, 
preferentially protonate the electron-rich alkene over the ether oxygen (generating a 
stabilised carbocation which leads to reaction failure by polymerisation, hydrolysis and/or 
substrate cleavage). The vinyl ether moiety of the aliphatic Claisen rearrangement, in 
contrast, is reported to be tolerant to acid catalysts (Section 1.3) and aqueous conditions 
(Section 1.1.4). The Ireland–Claisen rearrangement (Section 1.1.5.3), which does employ 
silyl ketene acetals, occurs at cryogenic temperatures and typically does not require 
catalysis. 
Each of these disadvantages, however, suggests a number of plausible solutions (or a single 
optimum solution). The ideal substrate for a 2
nd
 generation Benzyl-Claisen rearrangement would 
therefore possess: 
 Either a stronger benzylic C–O bond, or a pattern of substitution that prevents bond cleavage 
by destabilising the products of such a process, principally the benzylic carbocation or 
radical. 
 An appropriately positioned functional group capable of coordinating to acid catalysts. This 
would suggest substitution by an electron withdrawing group (carbonyl, nitrile, nitro), as 
this class is most commonly employed in LUMO lowering strategies. Due to the weakness 
of the benzylic C–O bond, it is advisable that the catalyst does not coordinate the vinyl ether 
oxygen. 
 A more facile rearomatisation step. This could be achieved by increasing the acidity of the 
sp
3
 hybridised isotoluene proton responsible for disrupting the systems aromaticity. This 
would allow the deprotonation/rearomatisation step to be mediated by a weaker, non-
nucleophilic base. 
161 
 
 A more robust, less electron-rich vinyl ether moiety which is able to tolerate the presence of 
mild acids and water. As a drawback, this will necessarily involve removal of the activating 
C-2 methoxy-substituent. 
In revisiting the calculated substituent effects, it was noted that the group which lowered the 
barrier of reaction to the greatest extent (C-2 –OMe notwithstanding) was the C-9 cyano moiety 
(see Section 3.5). As discussed, this result is consistent with both calculated and experimentally 
derived values for the rate-accelerating effect of a C-4 cyano group in the aliphatic Claisen 
rearrangement.
10a,50b
 Calculated values for systems substituted with another common electron-
withdrawing group (methoxycarbonyl 38) also show the barrier for reaction is lowered relative to 
the unsubstituted parent system (ΔΔG‡ = 7.4 kcal/mol, see Scheme 4.7). The enhanced reactivity is 
likely due to increased conjugation with the electron-withdrawing group that occurs on moving 
from the ground state to the transition state. Interestingly, the C-9 electron-withdrawing group is 
also calculated to stabilise the dearomatised intermediate Int-37 and Int-38, thereby increasing the 
thermodynamic driving force for the reaction. For comparison, the free energy of the dearomatised 
intermediate in the aromatic Claisen rearrangement is 10.1 kcal/mol relative to the starting allyl 
phenyl ether (Section 3.2). Furthermore, the C-4 proton of Int-37 (which is ɣ to the electron-
withdrawing group) is expected to be more acidic than that of unsubstituted Int-39, and therefore 
more easily deprotonated in the subsequent rearomatisation step. 
 
Scheme 4.7: Free energies of activation (in kcal/mol) and free energies of reaction for the Benzyl-
Claisen rearrangement of cyano- and methoxycarbonyl-substituted benzyl vinyl ethers 37 and 38, as 
well as parent substrate 39. Calculated at the B3LYP/6-31G(d) level of theory. 
The presence of a C-9 electron-withdrawing group is expected to retard any heterolytic 
cleavage of the C–O bond (as this would require formation of a cation either adjacent to the 
electron-withdrawing group or on the O-1 oxygen) though homolytic cleavage may still be 
problematic. Notably, however, the Johnson–Claisen rearrangement of mandelate esters (which 
possess a C-9 ethoxycarbonyl substituent) described by Raucher was not reported to generate side-
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products from radical processes, even though the reactions were heated to 220 
o
C for 12 hours (see 
Section 1.5.3).
63
  
Working on the premise that electron-withdrawing groups at the C-9 position accelerate the 
Benzyl-Claisen rearrangement, it was further reasoned that increasing the electrophilicity of such a 
group by means of acid-catalysis would further lower the barrier for reaction. Scheme 4.8 displays 
the free energies of activation for TS-37.25, which serves as model for catalysis of cyano-
substituted 37 by ammonium 25. The catalyst is calculated to lower the barrier of reaction by 4.1 
kcal/mol relative to the parent TS-37. Furthermore, the catalysed TS-37.25 is 1.1 kcal/mol lower 
than the C-2 –OMe benzyl vinyl ether TS-10 (ΔG‡ = 30.5 kcal/mol, see Section 3.2 and 3.5), 
indicating the Benzyl-Claisen rearrangement of the 37.25 complex should be 6 times faster than that 
of benzyl ketene acetals at 25 
o
C. Finally, the ammonium ion 25 is seen to make the formation of 
the dearomatised intermediate Int-37.25 even more facile (ΔG = 4.0 kcal/mol vs 6.2 kcal/mol for 
Int-37), meaning that acid-catalysis may further promote the desired Benzyl-Claisen rearrangement. 
 
Scheme 4.8: Activation free energy and free energy of reaction for the Benzyl-Claisen 
rearrangement of ammonium complex TS-37.25. Calculated at the B3LYP/6-31G(d) level of 
theory. 
The ammonium-catalysed Benzyl-Claisen rearrangement of C-9 cyano-substituted benzyl 
vinyl ethers 37 described above can be viewed as a proof of concept for a range of acid-catalysed 
[3,3]-sigmatropic processes. As shown in Scheme 4.7, the methoxycarbonyl group is nearly as 
effective as the cyano group in accelerating the desired reaction. It is expected that other electron-
withdrawing groups (such as aldehydes, ketones and amides) will display similar rate-enhancing 
effects. Application of Lewis or Brønsted acid catalysts to these substrates is also anticipated to 
further lower the barrier of reaction. Hydrogen-bonding solvents (especially water) are likely to 
engage in multiple interactions with both the electron-withdrawing group and the vinyl ether 
oxygen which is again expected to significantly accelerate the Benzyl-Claisen rearrangement. 
Notably, the substrates for the reaction (mandelonitriles 42 or mandelate esters 40) are either 
commercially available or readily synthesised (Scheme 4.9). 
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Scheme 4.9: Proposed C-9 EWG Benzyl-Claisen rearrangements from readily available substrates 
40 and 42. 
4.4 Conclusion 
Catalysis of the Benzyl-Claisen rearrangement of benzyl ketene acetals has been 
investigated. A number of model acid catalysts were calculated to accelerate the reaction. 
Ammonium 25 and dual hydrogen-bond donors (urea 26, thiourea 27 and guanidinium 28) lowered 
the barrier of reaction by 2-9 kcal/mol. However, attempts to accelerate the Benzyl-Claisen 
rearrangement experimentally by the use of urea 19, thiourea 20, guanidinium 32 and ytterbium 
triflate 36 as catalysts were unsuccessful. Hydrolysis and polymerisation of the ketene acetal 1 
occurred, in preference to [3,3]-rearrangement, in all cases. These results suggest that electrophilic 
reagents may be generally unsuitable for catalysis of the Benzyl-Claisen rearrangement of benzyl 
ketene acetals. 
The rate-accelerating effect of electron-withdrawing groups at the benzylic position supports 
the development of a new Benzyl-Claisen rearrangement procedure. Results from computational 
analysis indicate that electrophilic groups (such as –CN) at the C-9 position lower the barrier of 
reaction (ΔΔG‡ = 7.9 kcal/mol) relative to the unsubstituted parent system, while simultaneously 
increasing the thermodynamic driving force. Furthermore, simple models of electrophilic activation 
confer reductions in the barrier of reaction in the order of 4 kcal/mol. Such a result entails that the 
rearrangement could proceed at lower temperatures than the Benzyl-Claisen rearrangement of 
benzyl ketene acetals. 
4.5 Computational Data 
Computational data for Chapter 4 is available in Appendix B 
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4.6 Experimental Data 
Diphenylguanidine 30, diphenylthiourea 20, diphenylurea 19, BHT 35 and ytterbium triflate 
36 were purchased from commercial vendors and used as received. NMR spectroscopy was 
conducted on Bruker 300 MHz, 400 MHz or 500 MHz machines. All shifts are reported as parts per 
million (ppm). Spectra are referenced to the solvent residual peak (CDCl3: 
1
H = 7.26, 
13
C = 77.0). 
Low resolution electrospray mass spectroscopy was performed on a Bruker Esquire HCT (high 
capacity trap) instrument with a Bruker ESI source. High resolution mass spectroscopy was 
performed on a Bruker MicrOTOF-Q instrument with a Bruker ESI source by Mr Graham 
McFarlane of the University of Queensland. 
Anhydrous solutions of diphenylurea 19, diphenylthiourea 20 and guanidinium barfate 32 
were prepared as follows. For a 0.02 M solution, the appropriate quantity of hydrogen-bonding 
catalyst was quickly added to a Schlenk flask sealed with a Suba-seal containing ~1 g freshly 
activated 3 Å molecular sieves (activated in a conventional microwave oven, 5 × 1 minute bursts 
with intermittent shaking). The catalyst was then dissolved by the addition of ~10 mL CDCl3 
(dried/neutralised by standing over anhydrous K2CO3 overnight). Diphenylurea 19 was observed to 
form a fine suspension which was suitable for use. The mixture was allowed to stand for 24 hours 
before use to ensure complete drying. 
 
Guanidinium Barfate (32) 
 
 
Diphenylguanidine 30 (422 mg, 2 mmol) was dissolved in diethyl ether (20 mL) in a round 
bottom flask with stirring. To this was added HCl in dioxane (4M solution, 1 mL, 4 mmol) and the 
solution allowed to stir overnight. The reaction was observed to produce a white suspension. At the 
completion of the reaction, the mixture was evaporated in vacuo to yield a tan solid which was 
dissolved in DCM (10 mL). A 1 mL aliquot was taken and transferred to a small vial, to which 
sodium barfate (183 mg, 0.2 mmol) was added. The vial was sealed and shaken to ensure complete 
mixing. The reaction was evidence by a change of the colour of the solution from orange to clear 
with the precipitation of NaCl. After 20 minute of standing the solution was filtered through a plug 
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of cotton wool and washed through with DCM (2 mL). Evaporation of the solution yielded a brown 
oil which was purified by column chromatography (5% MeOH/DCM) to yield a clear oil which 
solidifies on standing to a white solid (0.21 g 0.19 mmol, 97%). 
1
H NMR (CDCl3) δ 7.15-7.20 (4H, 
m, guanidinium ArH), 7.45-7.54 (10H, m, guanidinium ArH and barfate para-ArH), 7.70 (8H, s, 
barfate ortho-ArH). Known compound, 
1
H NMR matches that reported by Jacobsen, et al.
38
 
 
General NMR method for monitoring the effect of additives 
Ethyl benzyl ketene acetal 1 (((((1-Ethoxyvinyl)oxy)methyl)benzene) was freshly prepared 
by the method for direct isolation as detailed in Section 2.11. The sample was analysed by 
1
H NMR 
spectroscopy in CDCl3 (dried/neutralised by standing over anhydrous K2CO3 overnight) to ensure 
purity of the substrate as well as the absence of acids/water. Using the same NMR tube, the sample 
was discarded and quickly reprepared using a solution of the desired catalyst and ~5 mg ketene 
acetal 1. The combined sample was sealed (parafilm) and monitored by 
1
H NMR spectroscopy. For 
reactions at elevated temperatures, a sand-bath was prepared in an aluminium heating block (bath 
temp. = 60 
o
C) and the solution, contained in the NMR tube, added and heated for the allotted time 
while shielded from light.  
 
Effect of diphenylurea (19) 
Addition of diphenylurea 19 (~5 mg) to a solution of benzyl ketene acetal 1 in CDCl3 
caused the complete disappearance of signals corresponding to the substrate (
1
H NMR (300 MHz) δ 
3.19 (d, J = 3.9 Hz, 1H), 3.23 (d, J = 3.9 Hz, 1H), 3.86 (q, J = 7.0 Hz, 2H), 4.85 (s, 2H)) and 
formation of signals corresponding to benzyl acetate 34 and benzyl alcohol 13 (δ 2.05 (s, 3H, 
EtOAc CH3), 2.11 (s, 3H, BnOAc CH3), 4.65 (s, 2H, CH2OH), 5.11 (s, 2H, ArCH2OAc)). 
A solution of benzyl ketene acetal 1 (5 mg) prepared with 0.7 mL 0.02 M diphenylurea 19 
CDCl3 solution was stable at room temperature as judged by 
1
H NMR spectroscopy. Heating of the 
solution overnight at 60 
o
C did not effect the Benzyl-Claisen rearrangement. A small amount of 
benzyl acetate 34 (5.11 (s, 2H, ArCH2OAc)) was present. 
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Effect of diphenylguanidinium barfate (32) 
Addition of diphenyguanidinium barfate 32 to a solution of benzyl ketene acetal 1 in CDCl3 
caused complete hydrolysis of the benzyl ketene acetal to benzyl alcohol and benzyl acetate before 
the 
1
H NMR spectrum was able to be acquired. 
A solution of benzyl ketene acetal 1 (5 mg) prepared with 0.7 mL 0.02 M CDCl3 
diphenyguanidinium barfate 32 solution was observed to turn bright yellow, changing to orange and 
red over the course of a few minutes. Analysis by 
1
H NMR spectroscopy showed peaks 
corresponding to the catalyst (
1
H NMR (400 MHz) δ 7.45-7.54 (10H, m, guanidinium ArH and 
barfate para-ArH), 7.70 (8H, s, barfate ortho-ArH)) and a broad singlet at 5.88 ppm. Peaks 
corresponding to the substrate were absent. 
 
Effect of diphenylthiourea (20) 
A solution of benzyl ketene acetal 1 (5 mg) prepared with 0.7 mL 0.02 M CDCl3 
diphenylthiourea 20 solution was stable at room temperature as judged by 
1
H NMR spectroscopy. 
Heating of the solution overnight at 60 
o
C resulted in a complex mixture, as judged by 
1
H NMR 
spectroscopy, with multiple unidentified peaks. No peaks corresponding to either the substrate or 
the product were present. 
 
Effect of ytterbium triflate (36) 
Addition of ytterbium triflate 36 to a solution of benzyl ketene acetal 1 in CDCl3 caused 
complete hydrolysis of the benzyl ketene acetal 1 to benzyl alcohol 13 and benzyl acetate 34 over 
the course of 3 
1
H NMR experiments (~30 minutes). 
 
Effect of BHT (35) 
A solution of benzyl ketene acetal 1 (5 mg, 0.03 mmol) prepared with 0.7 mL 0.02 M BHT 
35 solution in xylene (dried overnight over 3 Å molecular sieves) in a 2 mL sealed vial with a 
septum top. The solution was heated in a sand-bath (bath temp. 130 
o
C) for 21 hours, vented to an 
argon atmosphere (pierced through the septum top). Product resulting from radical 
homolysis/addition were observed by GC-MS analysis.  
167 
 
5 Chapter 5 – Conclusion and Future Direction 
The investigations described in this Thesis have explored the scope of the Benzyl-Claisen 
rearrangement. The experimental (described in Chapter 2) and computational results (described in 
Chapter 3) have uncovered a number of interesting phenomena. Ethyl benzyl bromoacetals 
substituted with electron-donating or neutral substituents (–Me, –Ph, –Cl, –Br, –OMe and –SMe) on 
the aromatic ring were well tolerated in the one-pot elimination/Claisen rearrangement protocol 
while systems with electron-withdrawing groups (–NO2, –CN, –COOBn, –SO2Me or –CF3) were 
observed to decompose (Section 2.4). Density functional theory calculations at the B3LYP/6-
31G(d) level of theory showed that the activation energies for the [3,3]-sigmatropic rearrangement 
of benzyl ketene acetals substituted at the C-5, C-6, C-7 or C-8 positions with a methoxy group 
were 0.3-1.4 kcal/mol lower in energy than the unsubstituted parent ketene acetal (Section 3.5). On 
the other hand, cyano-substitution at the C-6, C-7 or C-8 positions raised the barrier by 0.2-1.0 
kcal/mol, which supports the hypothesis that the observed decomposition of ethyl benzyl 
bromoacetals bearing electron-withdrawing substituents is not due to a prohibitively high activation 
barrier for the Benzyl-Claisen step, but rather the involvement of facile side-reactions. A bias for 
rearrangement “towards” existing meta-substituents was determined experimentally, giving access 
to sterically congested 1,2,3-substituted arylacetates (Section 2.5). The observed selectivity was 
rationalised on the basis of frontier molecular orbital analysis (Section 3.6).  
In the course of studies to prove the intermediacy of the dearomatised isotoluene 
intermediate in the [3,3]-sigmatropic rearrangement, a tandem Benzyl-Claisen/Alder-ene reaction 
was developed (Section 2.9). Formation of 5-membered carbocyclic rings by the process was seen 
to be facile, while attempts to form products containing a 6-membered carbocyclic ring only yielded 
the normal Benzyl-Claisen product. Computational analysis of a model system determined that the 
free energy of activation for formation of the 5-membered ring was 3.1 kcal/mol lower in energy 
than the 6-membered case (Section 3.7).  
A marked solvent effect was noted, in which Benzyl-Claisen rearrangements conducted in 
non-polar solvents (xylene, decalin) yielded products from bond homolysis/radical addition 
processes while reactions conducted in polar solvents (DMF, diglyme, DMSO) generated the 
desired arylacetates (Section 2.6). Computational analysis determined that the influence of solvent 
on the barrier for the [3,3]-sigmatropic step was minimal (Section 3.3) and that the barrier for 
homolysis of the C–O bond was similar in energy (though likely slightly higher) to that of the [3,3]-
sigmatropic rearrangement (see Section 3.4). Efforts to elucidate the rearomatisation process 
located a pathway which involved facile deprotonation/reprotonation of the dearomatised isotoluene 
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intermediate by alkoxide base (Section 3.8). On the basis of these data, it was suggested that the 
divergent reaction outcomes witnessed in the Benzyl-Claisen rearrangement were due to the ability 
of the solvent to facilitate the rearomatisation step. 
The results detailed in this Thesis have significantly extended our understanding of the 
Benzyl-Claisen rearrangement which, in combination with the previous literature, forms a strong 
foundation for further research. A number of prospective topics are described below. Some of the 
subjects are based directly on results from the current examination, while others are more 
speculative in nature.  
 The effect of substituents on the Benzyl-Claisen rearrangement of benzyl ketene acetals has 
been thoroughly examined in the course of this investigation. The insights gained from this 
study should allow synthetic strategies to be devised that will enable a range of functional 
groups to be incorporated in the resulting arylacetate products (Scheme 5.1). For instance, 
electron-withdrawing moieties which are observed to decompose in the one-pot 
elimination/Claisen rearrangement step could be masked through manipulation of the redox 
state (e.g. carboxylic ester 3 could be masked as protected alcohol 2). Alternatively, strongly 
electron-donating substituents (such as NMe2) which could promote heterolysis of the 
benzyl ketene acetal C–O bond may be attenuated by the use of electron-withdrawing 
protecting groups (e.g. NMeAc in 4 and 5). 
 
Scheme 5.1: Protecting group strategies in the Benzyl-Claisen rearrangement to access 
incompatible functionality. 
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 The investigation has determined that the rearrangement of meta-substituted benzyl ketene 
acetals preferentially occurs “towards” the existing substituent to yield 1,2,3-substituted 
arylacetates. Future work could expand on this by experimentally examining the electronic 
and steric factors that govern this “meta effect” with the view of improving the 
regioselectivity of the reaction. For instance, it is likely that very large meta-substituents (as 
in 8) will favour rearrangement “away from” the group due to steric interactions (Scheme 
5.2(a)). If the bulky substituent is only temporarily attached (e.g. as a protecting group) then 
this will allow 1,2,4-substituted products to be selectively formed, even in cases where the 
1,2,3-substituted product might otherwise be preferred. Other strategies could be deployed 
(such as selective blocking of one ortho position) in order to specifically yield either 1,2,3- 
or 1,2,4-substituted products (Scheme 5.2(b)). 
 
Scheme 5.2: Strategies for selective formation of 1,2,3- or 1,2,4-substituted products. 
 The tandem Benzyl-Claisen/Alder-ene reaction described in Section 2.9 is an intriguing 
method for generating aryl-substituted carbocyclic systems from simple acyclic starting 
materials. Computational studies support the proposal that alternative tethered enophiles 
(such as alkynes, nitriles, imines and aldehydes) could be utilised in order to yield easily-
derivatised products (Section 3.7). Results from the investigation of the rearomatisation step 
also imply that the Benzyl-Claisen/Alder-ene reaction could give higher yields in non-polar 
solvents (such as xylenes) due to prohibition of the competing deprotonation/reprotonation 
170 
 
pathway (Section 3.8). Future research could examine these proposals in order to extend the 
scope of the process. Something which has not been emphasised previously is that, as the 
Benzyl-Claisen and Alder-ene reactions are both stereoselective processes, chiral secondary 
benzyl ketene acetals (such as 14) should yield enantioenriched products (16). This would 
allow a single, easily formed stereocenter to set the absolute configuration at up to four other 
carbon sites.  
 
Scheme 5.3: Stereoselective tandem Benzyl-Claisen/Alder-ene generating 4 stereocenters. 
 In addition to the tandem Benzyl-Claisen/Alder-ene reaction, a number of other domino 
processes can be envisioned, which could be used to rapidly build molecular complexity in a 
single step. A Benzyl-Claisen/Claisen rearrangement of bisketene acetal 17, for instance, 
could yield products of the type 19 (Scheme 5.4). As with the Benzyl-Claisen/Alder-ene 
reaction, enantiopure starting materials should selectively generate a single product 
enantiomer, meaning the initial benzylic stereocenter can be used to set the absolute 
configuration of the congested quaternary carbon of product 19.  
 
Scheme 5.4: Tandem Benzyl-Claisen/Claisen rearrangement to generate multiply substituted 
dearomatised product 19. 
 Computational analysis of substituent effects on the Benzyl-Claisen rearrangement revealed 
that substitution of benzyl vinyl ethers at the C-9 position with an electron-withdrawing 
cyano group significantly lowered the activation energy of the reaction relative to the parent 
system (ΔΔG‡ = –7.9 kcal/mol, see Section 3.5). Model acid catalysts (such as NH4
+
) were 
calculated to further lower the barrier to reaction, giving free energies of activation of 29.4 
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kcal/mol (Section 4.3). Benzyl vinyl ethers substituted at the C-9 position with electron-
withdrawing groups 20 may well be more general substrates than benzyl ketene acetals in 
the Benzyl-Claisen rearrangement as they do not contain hydrolytically sensitive 
functionalities (Scheme 5.5). The improved stability of 20 means that typical methods to 
accelerate the aliphatic Claisen rearrangement (such as the use of hydrogen-bonding 
solvents, electrophilic catalysis or on-water reaction conditions) could also be applied to the 
Benzyl-Claisen rearrangement. 
 
Scheme 5.5: Benzyl-Claisen rearrangement of C-9 EWG-substituted benzyl vinyl ether 20. 
 The arylacetic acids 22 generated from the Benzyl-Claisen rearrangement may, by simple 
functional group manipulation, be derivatised to β-arylethylamines 23, which are a structural 
moiety present in aromatic amino acids 24 (phenylalanine, tyrosine), neurotransmitters 
(dopamine, epinephrine), tetrahydroisoquinolines and numerous alkaloid natural products 
(including morphine 26, lysergic acid 27 and the Amaryllidaceae alkaloids 30-32, see 
Scheme 5.6). These compounds typically possess electron-rich, oxygenated aromatic 
systems. Electron-donor substituted benzyl bromoacetals (which, conveniently, are well 
tolerated in the tandem elimination/Claisen rearrangement procedure) could therefore be 
used to rapidly access multiply substituted β-arylethylamine intermediates which would 
facilitate the synthesis of complex natural products. 
172 
 
 
Scheme 5.6: Possible targets accessible from α-arylacetic acids 22. 
The sample of possible topics outlined above demonstrates that the Benzyl-Claisen 
rearrangement is a field full of opportunity. It is hoped that in the years to come this process can be 
developed, with appropriate effort, from a delightful historical curiosity into a valuable and 
practicable method. Such advances will inform the rich diversity present in both synthetic organic 
and computational chemistry and be used to further expand our knowledge into the unknown. 
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A–1 
 
7 Appendix A – Computational Data for Chapter 3 
The computational data (calculated at the B3LYP/6-31G(d) level of theory) is formatted as follows: 
 
XYZ Coordinates 
# frequencies 
SCF energy 
Enthalpy 
Gibbs Free Energy 
 
Computational data calculated using the CBS-QB3 method (presented at the end of Appendix A) is 
formatted as follows: 
 
XYZ Coordinates 
# frequencies 
Energy at 0 K 
Enthalpy 
Gibbs Free Energy 
 
Single-point SCF energies for geometries calculated at the B3LYP/CBSB7 level of theory, with and 
without implicit DMF or xylene (SMD method) are included as necessary. 
 
 
1a 
C         -1.33448        0.35431        0.08547 
C          0.05871        0.91887        0.23000 
C         -1.60444       -0.98972        0.36856 
C         -2.90750       -1.47947        0.28019 
C         -3.95629       -0.63172       -0.08293 
C         -3.69318        0.70919       -0.36590 
C         -2.38767        1.19627       -0.28724 
H         -0.78679       -1.64914        0.64136 
H         -3.10408       -2.52654        0.49558 
H         -4.97091       -1.01524       -0.15023 
H         -4.50108        1.37487       -0.65810 
H         -2.18603        2.23972       -0.52076 
O          1.00936       -0.08069       -0.12891 
H          0.18574        1.80308       -0.40947 
H          0.24752        1.23271        1.26794 
C          2.32077        0.21938        0.02163 
C          2.84056        1.39564        0.41318 
O          3.00345       -0.90254       -0.30421 
H          3.90776        1.53498        0.50771 
H          2.21020        2.24246        0.64190 
C          4.42035       -0.83607       -0.26063 
H          4.77467       -1.82009       -0.57179 
H          4.80273       -0.07080       -0.94774 
A–2 
 
H          4.77687       -0.62022        0.75458 
0 imaginary frequencies 
E = -538.6939261 
H = -538.481245 
G = -538.532861 
 
 
TS-1a-chair-Z 
C         -0.53901       -1.19318       -0.99875 
C          0.79325       -0.56047        0.81467 
C          0.86297        0.83572        0.48667 
C         -0.25541        1.64692        0.68279 
O         -1.50462        0.93782       -0.82026 
C         -1.56376       -0.31564       -0.65152 
C          1.95126       -1.37379        0.65203 
C          3.06156       -0.87416        0.01488 
C          3.08117        0.46803       -0.45871 
C          2.01008        1.29617       -0.23363 
O         -2.56894       -0.86563        0.11600 
C         -3.67728       -0.01077        0.39089 
H          1.93376       -2.39922        1.01056 
H          3.93698       -1.50241       -0.12813 
H          3.96016        0.84008       -0.97772 
H          2.03150        2.32954       -0.57126 
H         -0.24954        2.68092        0.35585 
H         -0.99440        1.39164        1.43268 
H          0.00554       -0.89824        1.48083 
H         -0.66375       -2.26057       -0.85420 
H          0.19742       -0.85629       -1.71498 
H         -4.40644       -0.63306        0.91402 
H         -3.39576        0.83690        1.02417 
H         -4.11596        0.38021       -0.53373 
1 imaginary frequency 
E = -538.6442123 
H = -538.434959 
G= -538.484239 
 
 
TS-1a-chair-E 
C          2.21425        1.06407       -0.12828 
C          0.98626        0.80655        0.56288 
A–3 
 
C          0.58839       -0.56859        0.73506 
C          1.54745       -1.60225        0.48540 
C          2.74165       -1.30328       -0.11757 
C          3.06769        0.04334       -0.45774 
C          0.08417        1.82363        0.85693 
O         -1.26865        1.53439       -0.71659 
C         -1.62806        0.33406       -0.61010 
C         -0.80386       -0.72996       -1.01184 
O         -2.74679        0.12876        0.17003 
C         -3.29181       -1.18032        0.26344 
H          1.30199       -2.62739        0.74943 
H          3.45681       -2.09354       -0.33163 
H          4.01075        0.25625       -0.95329 
H          2.47236        2.09496       -0.35839 
H          0.32654        2.85656        0.63157 
H         -0.72836        1.66816        1.55667 
H         -0.22042       -0.77711        1.42922 
H         -1.12778       -1.76355       -0.96708 
H         -0.04689       -0.49639       -1.74893 
H         -4.23302       -1.07903        0.80821 
H         -3.49260       -1.60450       -0.72854 
H         -2.63260       -1.86309        0.81610 
1 imaginary frequency 
E = -538.6389156 
H = -538.429557 
G = -538.478043 
 
 
TS-1a-boat-E 
C          1.11893       -0.21186        1.51783 
C         -0.92941        0.75969        1.03113 
C         -0.72672        1.17009       -0.33448 
C          0.17336        2.18825       -0.61841 
O          2.04775        1.24653       -0.04505 
C          1.75287        0.07519        0.29401 
C         -1.90008       -0.24775        1.31788 
C         -2.48505       -0.95323        0.29664 
C         -2.15763       -0.66917       -1.06282 
C         -1.29869        0.35519       -1.36669 
O          1.89774       -0.86779       -0.69099 
C          1.56177       -2.22152       -0.41781 
H         -0.67634        1.46917        1.81066 
H         -2.15059       -0.46263        2.35316 
H         -3.21081       -1.73192        0.51743 
H         -2.61572       -1.25265       -1.85661 
H         -1.06390        0.59011       -2.40184 
H          0.42503        2.43416       -1.64446 
H          0.45303        2.91415        0.13319 
H          1.85293       -2.78886       -1.30462 
A–4 
 
H          2.10960       -2.60844        0.45095 
H          0.48373       -2.34098       -0.25214 
H          0.88193       -1.22321        1.82612 
H          1.29116        0.50192        2.31290 
1 imaginary frequency 
E = -538.6351854 
H = -538.426023 
G = -538.474659 
 
 
TS-1a-boat-Z 
C          1.17491        1.16844       -0.92572 
C          0.74202       -0.18553       -1.11072 
C          1.20998       -1.17476       -0.18068 
C          2.21623       -0.82809        0.76027 
C          2.64243        0.47477        0.87229 
C          2.10494        1.48788        0.02990 
C         -0.25598       -0.51407       -2.02276 
O         -1.96474       -0.71615       -0.73111 
C         -1.57546       -0.59560        0.46381 
C         -0.79981       -1.54472        1.13394 
O         -1.76456        0.58155        1.14338 
C         -2.47066        1.60094        0.44168 
H          1.05550       -2.21923       -0.42275 
H          2.63434       -1.60120        1.39893 
H          3.40291        0.73758        1.60294 
H          2.44752        2.51300        0.13947 
H          0.77370        1.93608       -1.58338 
H         -0.67220        0.23877       -2.68348 
H         -0.45323       -1.54432       -2.28727 
H         -3.42176        1.23067        0.04640 
H         -2.65002        2.39179        1.17315 
H         -1.87749        1.99903       -0.38934 
H         -0.50382       -1.37745        2.16300 
H         -0.83265       -2.56353        0.77209 
1 imaginary frequency 
E = -538.6400958 
H = -538.431184 
G = -538.480994 
 
 
Int-1a 
C          2.91866        0.15371       -0.61387 
C          1.92482        0.95033        0.09838 
A–5 
 
C          0.65296        0.23969        0.56740 
C          0.81204       -1.25982        0.68840 
C          1.82616       -1.91651        0.10084 
C          2.87278       -1.19715       -0.61760 
C          2.10404        2.26845        0.30654 
C         -0.50870        0.55589       -0.41326 
C         -1.86691        0.12848        0.10966 
O         -2.79785        0.18607       -0.86813 
C         -4.13615       -0.15192       -0.46664 
O         -2.11797       -0.19576        1.25159 
H          0.35284        0.64262        1.54205 
H          0.03236       -1.78963        1.22757 
H          1.89088       -3.00024        0.16250 
H          3.64401       -1.76904       -1.12734 
H          3.73407        0.68260       -1.10246 
H          2.97547        2.78999       -0.08097 
H          1.39229        2.86389        0.87301 
H         -0.33528        0.09091       -1.38963 
H         -0.54957        1.63918       -0.59201 
H         -4.74505       -0.05085       -1.36547 
H         -4.17646       -1.17674       -0.08813 
H         -4.48720        0.52805        0.31423 
0 imaginary frequencies 
E = -538.6976673 
H = -538.485566 
G = -538.537247 
 
 
Prod-1a 
C         -0.84344        2.27332        0.36475 
C         -1.43220        0.89565        0.16554 
C         -2.73111        0.75943       -0.33914 
C         -3.31288       -0.49255       -0.53958 
C         -2.59305       -1.64419       -0.22870 
C         -1.29958       -1.52458        0.27883 
C         -0.70636       -0.27288        0.47760 
C          0.70085       -0.21641        1.03481 
C          1.78287        0.00907       -0.01570 
O          2.95598       -0.52587        0.39440 
C          4.06753       -0.32227       -0.49419 
O          1.65280        0.60503       -1.06205 
H         -0.73569       -2.42136        0.52754 
H         -3.03190       -2.62741       -0.37534 
H         -4.32338       -0.56446       -0.93332 
H         -3.29602        1.65707       -0.58027 
H          0.80569        0.60041        1.76239 
H          0.94117       -1.13576        1.57669 
A–6 
 
H          4.91753       -0.80943       -0.01542 
H          3.86555       -0.77141       -1.47009 
H          4.26155        0.74526       -0.62922 
H         -1.55984        3.04835        0.07578 
H         -0.57246        2.45407        1.41400 
H          0.06187        2.40396       -0.23677 
0 imaginary frequencies 
E = -538.7539723 
H = -538.541002 
G = -538.593282 
 
 
2 
C          1.04325        0.48335        0.25743 
C         -0.43686        0.22627        0.11416 
C         -1.31686        1.29121       -0.10340 
C         -2.69343        1.07172       -0.18267 
C         -3.20264       -0.22084       -0.05570 
C         -2.32867       -1.29073        0.15275 
C         -0.95513       -1.06857        0.24177 
H         -0.92365        2.29946       -0.21464 
H         -3.36476        1.90926       -0.35300 
H         -4.27320       -0.39521       -0.12309 
H         -2.71832       -2.30097        0.24741 
H         -0.27450       -1.90030        0.39621 
O          1.76870       -0.54402       -0.41822 
H          1.31036        1.46401       -0.16036 
H          1.34076        0.48627        1.31770 
C          3.12373       -0.48997       -0.34319 
C          3.88964        0.42058        0.26622 
H          3.54951       -1.33466       -0.87832 
H          4.96706        0.30898        0.22678 
H          3.49895        1.27709        0.80286 
0 imaginary frequencies 
E = -424.1664017 
H = -423.989231 
G = -424.034457 
 
 
TS-2 
C          1.02440        1.38802       -0.38165 
C          0.04819        0.81897        0.50210 
C          0.22434       -0.56250        0.88637 
C          1.49483       -1.18946        0.65598 
C          2.43003       -0.57675       -0.13420 
A–7 
 
C          2.17651        0.71449       -0.69007 
C         -1.13970        1.47216        0.79428 
O         -2.41160        0.41105       -0.56616 
C         -2.20949       -0.81590       -0.32872 
C         -1.01876       -1.47097       -0.67447 
H          1.68512       -2.17002        1.08358 
H          3.38007       -1.06490       -0.33569 
H          2.92135        1.17307       -1.33456 
H          0.84693        2.38610       -0.77465 
H         -1.33182        2.46834        0.41056 
H         -1.77705        1.14671        1.60708 
H         -0.38236       -0.94160        1.70251 
H         -0.91945       -2.53630       -0.48012 
H         -0.40725       -1.06405       -1.47263 
H         -2.90483       -1.35410        0.34552 
1 imaginary frequency 
E = -424.0996606 
H = -423.926118 
G = -423.968496 
 
 
Int-2 
C          2.06139       -1.31248       -0.45906 
C          2.18669        0.03075       -0.53763 
C          1.22514        0.92766        0.09533 
C         -0.09959        0.32222        0.56524 
C         -0.03236       -1.17270        0.78469 
C          0.95528       -1.92324        0.26990 
C          1.47995        2.24194        0.23536 
C         -1.22636        0.63657       -0.47302 
C         -2.60468        0.30561        0.05353 
H         -2.84929        0.78280        1.03296 
O         -3.41279       -0.40388       -0.50211 
H         -0.39079        0.81219        1.50553 
H         -0.85840       -1.63529        1.32055 
H          0.94925       -3.00294        0.39583 
H          2.80922       -1.95933       -0.91008 
H          3.04355        0.47969       -1.03476 
H          2.39256        2.68635       -0.15279 
H          0.79018        2.91215        0.74255 
H         -1.05777        0.10011       -1.41111 
H         -1.19910        1.71739       -0.67781 
0 imaginary frequencies 
E = -424.1365835 
H = -423.961174 
G = -424.007277 
 
A–8 
 
 
Prod-2 
C         -0.03099       -0.40577        0.40076 
C         -0.44773        0.91972        0.14681 
C         -1.77313        1.13713       -0.24852 
C         -2.67453        0.08319       -0.40158 
C         -2.25784       -1.22325       -0.15340 
C         -0.94186       -1.45758        0.24475 
C          0.49408        2.09145        0.31326 
C          1.40672       -0.70965        0.79028 
C          2.28414       -0.76180       -0.45196 
O          3.18667        0.00864       -0.69331 
H         -0.61514       -2.47545        0.44730 
H         -2.94905       -2.05421       -0.26452 
H         -3.69654        0.28456       -0.71134 
H         -2.10179        2.15570       -0.44175 
H          1.82265        0.03413        1.47570 
H          1.45278       -1.69374        1.27548 
H          0.02256        3.01912       -0.02458 
H          0.77736        2.23089        1.36538 
H          1.42488        1.95897       -0.24830 
H          2.01574       -1.56967       -1.16929 
0 imaginary frequencies 
E = -424.1970265 
H = -424.020483 
G = -424.065737 
 
 
4 
C          0.35125        0.30108        0.24167 
C          1.74519       -0.24324        0.31690 
C          2.79285        0.29906       -0.30169 
H          1.86967       -1.12421        0.94530 
H          3.79457       -0.10653       -0.19075 
H          2.69090        1.17381       -0.94079 
H          0.28015        1.11253       -0.49592 
O         -0.52782       -0.76863       -0.11826 
H          0.03538        0.70440        1.21697 
C         -1.85276       -0.47925       -0.18172 
C         -2.46278        0.69152        0.02989 
H         -2.40699       -1.37595       -0.44674 
H         -3.54139        0.74453       -0.06316 
H         -1.94222        1.60540        0.29093 
0 imaginary frequencies 
E = -270.5071756 
H = -270.380438 
G = -270.419031 
 
A–9 
 
 
TS-4 
C         -1.29090       -0.47275        0.26160 
O         -0.51006       -1.35840       -0.25270 
C          1.28546       -0.89993        0.18244 
C          1.37450        0.41301       -0.30171 
C          0.66819        1.42569        0.32192 
C         -1.46656        0.78378       -0.28946 
H         -1.67615       -0.64762        1.28155 
H         -1.22593        0.95396       -1.33243 
H         -2.14672        1.49127        0.17963 
H          0.62823        2.42501       -0.10282 
H          0.44467        1.36913        1.38274 
H          1.69199        0.55706       -1.33273 
H          1.76683       -1.71155       -0.35246 
H          1.17343       -1.06884        1.24937 
1 imaginary frequency 
E = -270.461128 
H = -270.337139 
G = -270.373110 
 
 
Prod-4 
C          0.52370        0.21420        0.49335 
C         -0.59684       -0.30671       -0.43924 
H          0.60647        1.30492        0.40066 
C          1.85441       -0.42285        0.19691 
H          0.23638        0.00414        1.53371 
H         -0.73888       -1.38676       -0.32913 
C         -1.91494        0.38224       -0.16643 
H         -0.31139       -0.10115       -1.48132 
O         -2.93774       -0.18040        0.15491 
H         -1.88876        1.49233       -0.27296 
C          2.94571        0.23369       -0.19721 
H          1.89705       -1.50692        0.31342 
H          3.88063       -0.28115       -0.40110 
H          2.94817        1.31436       -0.32683 
0 imaginary frequencies 
E = -270.5335752 
H = -270.407050 
G = -270.446948 
 
 
3 
O          0.84761       -0.59477        0.06717 
A–10 
 
C         -0.47105       -0.23614        0.02532 
C         -1.38423       -1.29829       -0.05771 
C         -2.74919       -1.04025       -0.10801 
C         -3.22662        0.27493       -0.07661 
C         -2.31621        1.32553        0.00438 
C         -0.93928        1.08289        0.05493 
H         -0.99695       -2.31226       -0.08056 
H         -3.44637       -1.87178       -0.17147 
H         -4.29369        0.47352       -0.11557 
H         -2.67070        2.35290        0.02809 
H         -0.25199        1.91907        0.11401 
C          1.82882        0.43399        0.20325 
C          3.17203       -0.22169        0.31884 
H          1.79935        1.11419       -0.65968 
H          1.61157        1.02537        1.10713 
C          4.22795        0.10483       -0.42439 
H          3.25101       -0.99100        1.08576 
H          5.19476       -0.36995       -0.28269 
H          4.16887        0.86338       -1.20233 
0 imaginary frequencies 
E = -424.1643771 
H = -423.987652 
G = -424.032699 
 
 
TS-3 
C         -0.97645       -1.41244       -0.28177 
C         -0.01803       -0.72899        0.54833 
C         -0.29013        0.66191        0.85026 
C         -1.56385        1.22457        0.52949 
C         -2.46739        0.51502       -0.22320 
C         -2.16220       -0.81467       -0.63293 
O          1.08493       -1.27112        0.89399 
C          2.51141       -0.51894       -0.48506 
C          2.27576        0.83153       -0.31604 
C          1.06054        1.39929       -0.71405 
H         -1.79811        2.23190        0.86606 
H         -3.42512        0.95180       -0.49254 
H         -2.89188       -1.36528       -1.22262 
H         -0.74737       -2.43434       -0.57157 
H          0.30803        1.11805        1.63163 
H          0.87325        2.45601       -0.54916 
H          0.49523        0.95803       -1.52967 
H          2.89826        1.38258        0.38659 
H          3.39107       -0.99244       -0.06298 
H          1.99919       -1.08107       -1.25781 
1 imaginary frequency 
E = -424.1060075 
A–11 
 
H = -423.932137 
G = -423.974440 
 
 
Int-3 
O         -1.07271        2.24566        0.03202 
C         -1.14004        1.02198        0.07300 
C         -2.38624        0.30099       -0.20978 
C         -2.42731       -1.05197       -0.22208 
C         -1.25404       -1.86953        0.04993 
C         -0.07432       -1.30000        0.35484 
C          0.10117        0.18804        0.44653 
H         -3.25698        0.90937       -0.43561 
H         -3.36121       -1.55989       -0.45489 
H         -1.35257       -2.95037       -0.00423 
H          0.80579       -1.90968        0.54685 
H          0.28650        0.43146        1.50811 
C          1.34749        0.69349       -0.34171 
C          2.64792        0.23567        0.25378 
H          1.27181        0.36878       -1.38643 
H          1.28710        1.78860       -0.33234 
C          3.54871       -0.53537       -0.35804 
H          2.84707        0.57709        1.27179 
H          4.47930       -0.82222        0.12435 
H          3.39489       -0.89823       -1.37252 
0 imaginary frequencies 
E = -424.1470174 
H = -423.971059 
G = -424.016519 
 
 
Prod-3 
O          0.92267        2.24805        0.00847 
C          1.08455        0.88464        0.00873 
C         -0.08243        0.09947        0.05084 
C          0.07005       -1.28951        0.06689 
C          1.32963       -1.89345        0.03474 
C          2.47187       -1.09689       -0.01410 
C          2.34964        0.29296       -0.02626 
C         -1.44673        0.77093        0.10128 
H         -0.82346       -1.90669        0.10554 
H          1.41416       -2.97628        0.04724 
H          3.45980       -1.54866       -0.04167 
H          3.23752        0.92292       -0.06165 
H          1.79614        2.66498       -0.04978 
H         -1.38275        1.71766       -0.45079 
A–12 
 
C         -2.56786       -0.05880       -0.46517 
H         -1.68396        1.04996        1.13811 
C         -3.65715       -0.43691        0.20482 
H         -2.45697       -0.35220       -1.51018 
H         -4.44567       -1.01874       -0.26523 
H         -3.80562       -0.17198        1.24997 
0 imaginary frequencies 
E = -424.1727843 
H = -423.996341 
G = -424.041456 
 
 
1a, implicit DMF (SMD) 
C         -1.33097        0.35368        0.24765 
C          0.06950        0.82880        0.53768 
C         -1.79166       -0.85928        0.78043 
C         -3.08566       -1.30492        0.51110 
C         -3.93865       -0.53833       -0.28985 
C         -3.48943        0.67199       -0.82108 
C         -2.18974        1.11242       -0.55577 
H         -1.13238       -1.45569        1.40670 
H         -3.43139       -2.24708        0.92861 
H         -4.94848       -0.88340       -0.49635 
H         -4.14705        1.27260       -1.44413 
H         -1.83996        2.05335       -0.97400 
O          0.99156       -0.06809       -0.10961 
H          0.22278        1.84681        0.16110 
H          0.27325        0.82703        1.61609 
C          2.31257        0.16625        0.06666 
C          2.87057        1.18193        0.75148 
O          2.96298       -0.82364       -0.58540 
H          3.94486        1.27728        0.83380 
H          2.26379        1.93382        1.23756 
C          4.38965       -0.79290       -0.56246 
H          4.71594       -1.66101       -1.13821 
H          4.77388        0.12205       -1.02860 
H          4.77137       -0.86978        0.46254 
0 imaginary frequencies 
E = -538.7064931 
H = -538.493905 
G = -538.545434 
 
A–13 
 
 
TS-1a, implicit DMF (SMD) 
C          0.55530       -1.21625        0.97947 
C         -0.81230       -0.55208       -0.83551 
C         -0.87477        0.83946       -0.48687 
C          0.23726        1.65510       -0.69208 
O          1.51113        0.92295        0.83986 
C          1.57499       -0.32710        0.64694 
C         -1.96558       -1.36845       -0.66265 
C         -3.07005       -0.87352       -0.00840 
C         -3.08510        0.46544        0.47724 
C         -2.01548        1.29630        0.24963 
O          2.59806       -0.86485       -0.10240 
C          3.68858        0.01198       -0.39634 
H         -1.95236       -2.39051       -1.03117 
H         -3.94445       -1.50244        0.13890 
H         -3.95981        0.83211        1.00770 
H         -2.03336        2.32768        0.59401 
H          0.22778        2.68934       -0.36373 
H          0.98013        1.39598       -1.43718 
H         -0.03042       -0.88445       -1.51027 
H          0.67953       -2.28152        0.81498 
H         -0.18720       -0.89741        1.69894 
H          4.42455       -0.59797       -0.92561 
H          3.38600        0.84816       -1.03460 
H          4.13899        0.41090        0.51986 
1 imaginary frequency 
E = -538.6559035 
H = -538.446877 
G = -538.49603 
 
 
1a, implicit DMF (PCM) 
C         -1.33117        0.35667        0.26432 
C          0.07008        0.81744        0.57147 
C         -1.82885       -0.81946        0.84286 
C         -3.11986       -1.26039        0.55288 
C         -3.93165       -0.52527       -0.31674 
C         -3.44523        0.64866       -0.89501 
C         -2.14921        1.08435       -0.60703 
H         -1.20003       -1.39014        1.52199 
H         -3.49511       -2.17308        1.00775 
A–14 
 
H         -4.93918       -0.86583       -0.53957 
H         -4.07163        1.22466       -1.57061 
H         -1.77158        1.99737       -1.06098 
O          0.98744       -0.06252       -0.10337 
H          0.23181        1.84564        0.22698 
H          0.27358        0.77976        1.64906 
C          2.31222        0.15900        0.07994 
C          2.87739        1.13813        0.80760 
O          2.95322       -0.80660       -0.62146 
H          3.95145        1.22517        0.89080 
H          2.27670        1.86872        1.33033 
C          4.37903       -0.79116       -0.60430 
H          4.69322       -1.63310       -1.22217 
H          4.76732        0.14310       -1.02589 
H          4.76172       -0.91707        0.41505 
0 imaginary frequencies 
E = -538.7009313 
H = -538.488372 
G = -538.540335 
 
 
TS-1a, implicit DMF (PCM) 
C          0.55898       -1.20923        1.00199 
C         -0.80802       -0.54847       -0.83637 
C         -0.87446        0.84104       -0.48270 
C          0.23222        1.66222       -0.69104 
O          1.51861        0.92820        0.84361 
C          1.57588       -0.32355        0.65721 
C         -1.95640       -1.36971       -0.66757 
C         -3.06480       -0.87971       -0.01576 
C         -3.08665        0.45783        0.47172 
C         -2.01963        1.29300        0.24978 
O          2.58811       -0.86591       -0.10808 
C          3.68193        0.00388       -0.41080 
H         -1.93791       -2.39109       -1.03645 
H         -3.93639       -1.51263        0.12801 
H         -3.96412        0.82047        0.99952 
H         -2.04379        2.32341        0.59564 
H          0.22257        2.69530       -0.36058 
H          0.97976        1.40427       -1.43095 
H         -0.01664       -0.87917       -1.50078 
H          0.67762       -2.27439        0.83825 
H         -0.18845       -0.88081        1.71094 
H          4.41048       -0.61250       -0.94075 
H          3.37575        0.83846       -1.04851 
H          4.13302        0.40644        0.50262 
A–15 
 
1 imaginary frequency 
E = -538.6510571 
H = -538.442063 
G = -538.491478 
 
 
1a, implicit DMF (CPCM) 
C         -1.33118        0.35688        0.26468 
C          0.07004        0.81767        0.57200 
C         -1.82936       -0.81865        0.84412 
C         -3.12024       -1.25975        0.55376 
C         -3.93142       -0.52541       -0.31715 
C         -3.44452        0.64793       -0.89627 
C         -2.14862        1.08381       -0.60791 
H         -1.20112       -1.38854        1.52445 
H         -3.49596       -2.17185        1.00940 
H         -4.93885       -0.86609       -0.54021 
H         -4.07044        1.22338       -1.57278 
H         -1.77072        1.99643       -1.06242 
O          0.98733       -0.06184       -0.10384 
H          0.23169        1.84607        0.22819 
H          0.27379        0.77909        1.64946 
C          2.31219        0.15908        0.07993 
C          2.87756        1.13764        0.80814 
O          2.95290       -0.80657       -0.62180 
H          3.95164        1.22417        0.89173 
H          2.27698        1.86829        1.33096 
C          4.37881       -0.79166       -0.60460 
H          4.69272       -1.63323       -1.22310 
H          4.76742        0.14280       -1.02538 
H          4.76138       -0.91850        0.41466 
0 imaginary frequencies 
E = -538.7010883 
H = -538.488532 
G = -538.540496 
 
 
TS-1a, implicit DMF (CPCM) 
C          0.55938       -1.20908        1.00268 
C         -0.80800       -0.54814       -0.83656 
C         -0.87471        0.84122       -0.48240 
C          0.23162        1.66280       -0.69089 
A–16 
 
O          1.51917        0.92835        0.84387 
C          1.57621       -0.32347        0.65756 
C         -1.95612       -1.36972       -0.66801 
C         -3.06475       -0.88013       -0.01621 
C         -3.08694        0.45727        0.47169 
C         -2.02006        1.29277        0.25012 
O          2.58845       -0.86615       -0.10740 
C          3.68163        0.00384       -0.41202 
H         -1.93735       -2.39098       -1.03720 
H         -3.93622       -1.51327        0.12723 
H         -3.96458        0.81956        0.99941 
H         -2.04457        2.32312        0.59614 
H          0.22169        2.69582       -0.36021 
H          0.97927        1.40511       -1.43078 
H         -0.01629       -0.87858       -1.50068 
H          0.67776       -2.27424        0.83878 
H         -0.18815       -0.88063        1.71153 
H          4.41073       -0.61316       -0.94045 
H          3.37484        0.83657       -1.05182 
H          4.13230        0.40887        0.50051 
1 imaginary frequency 
E = -538.6511846 
H = -538.4422 
G = -538.491636 
 
 
1a, implicit Xylene (SMD) 
C         -1.33488        0.35105        0.09170 
C          0.05823        0.91343        0.24419 
C         -1.61262       -0.99179        0.37533 
C         -2.91709       -1.47723        0.27926 
C         -3.96037       -0.62607       -0.09261 
C         -3.69008        0.71388       -0.37501 
C         -2.38316        1.19670       -0.28867 
H         -0.80168       -1.65555        0.65833 
H         -3.11903       -2.52307        0.49601 
H         -4.97608       -1.00580       -0.16538 
H         -4.49386        1.38231       -0.67262 
H         -2.17642        2.23937       -0.52045 
O          1.01127       -0.08722       -0.11795 
H          0.18788        1.79938       -0.39115 
H          0.24296        1.22063        1.28438 
C          2.32249        0.21769        0.01959 
C          2.84071        1.39654        0.40674 
O          3.00652       -0.89956       -0.31286 
H          3.90896        1.54181        0.48648 
H          2.20843        2.23970        0.64640 
A–17 
 
C          4.42679       -0.83325       -0.26203 
H          4.78256       -1.82075       -0.56247 
H          4.81567       -0.07862       -0.95708 
H          4.77827       -0.61089        0.75309 
0 imaginary frequencies 
E = -538.7042946 
H = -538.491625 
G = -538.543574 
 
 
TS-1a, implicit Xylene (SMD) 
C          0.54951       -1.20249        0.98695 
C         -0.80585       -0.55730       -0.82470 
C         -0.87188        0.83704       -0.48779 
C          0.24341        1.65030       -0.68896 
O          1.50824        0.93294        0.82364 
C          1.57056       -0.31909        0.64493 
C         -1.96097       -1.37224       -0.65468 
C         -3.06804       -0.87429       -0.00938 
C         -3.08484        0.46613        0.46951 
C         -2.01450        1.29513        0.24280 
O          2.58441       -0.86279       -0.11319 
C          3.69079       -0.00259       -0.38510 
H         -1.94540       -2.39649       -1.01676 
H         -3.94284       -1.50283        0.13700 
H         -3.96099        0.83593        0.99517 
H         -2.03367        2.32710        0.58488 
H          0.23639        2.68500       -0.36280 
H          0.98133        1.39588       -1.44053 
H         -0.02207       -0.89374       -1.49570 
H          0.67589       -2.26915        0.83502 
H         -0.18799       -0.87563        1.70742 
H          4.42220       -0.61923       -0.91315 
H          3.41070        0.84762       -1.01580 
H          4.13603        0.38075        0.54019 
1 imaginary frequency 
E = -538.6542478 
H = -538.444986 
G = -538.493997 
 
 
1a, implicit Xylene (PCM) 
A–18 
 
C         -1.33341        0.35565        0.12985 
C          0.06073        0.90204        0.31770 
C         -1.64322       -0.96119        0.49464 
C         -2.94462       -1.44322        0.35873 
C         -3.95488       -0.61268       -0.13440 
C         -3.65365        0.70035       -0.49795 
C         -2.34742        1.17849       -0.37118 
H         -0.85729       -1.60888        0.87160 
H         -3.17148       -2.46840        0.63933 
H         -4.96901       -0.98918       -0.23806 
H         -4.43100        1.35112       -0.88940 
H         -2.11503        2.19924       -0.66658 
O          1.00545       -0.07100       -0.13616 
H          0.18961        1.83681       -0.24294 
H          0.25896        1.11871        1.37755 
C          2.32009        0.20894        0.03227 
C          2.84887        1.34274        0.52479 
O          2.99528       -0.88211       -0.39860 
H          3.91778        1.46650        0.62325 
H          2.22429        2.16816        0.83399 
C          4.41594       -0.82938       -0.35240 
H          4.76252       -1.78502       -0.74808 
H          4.80104       -0.01041       -0.97186 
H          4.77333       -0.70426        0.67694 
0 imaginary frequencies 
E = -538.6969363 
H = -538.484323 
G = -538.535955 
 
 
TS-1a, implicit Xylene (PCM) 
C          0.54758       -1.20176        0.99817 
C         -0.80069       -0.55572       -0.82481 
C         -0.86765        0.83767       -0.48578 
C          0.24633        1.65231       -0.68742 
O          1.50917        0.93259        0.83077 
C          1.56848       -0.31988        0.65304 
C         -1.95489       -1.37176       -0.65811 
C         -3.06349       -0.87533       -0.01379 
C         -3.08286        0.46513        0.46519 
C         -2.01315        1.29551        0.24039 
O          2.57701       -0.86476       -0.11480 
C          3.68089       -0.00342       -0.39621 
H         -1.93780       -2.39568       -1.02055 
H         -3.93745       -1.50506        0.13086 
H         -3.96039        0.83384        0.98889 
A–19 
 
H         -2.03452        2.32756        0.58175 
H          0.23962        2.68612       -0.35971 
H          0.98914        1.39465       -1.43251 
H         -0.01224       -0.89116       -1.49086 
H          0.67031       -2.26809        0.84478 
H         -0.19386       -0.86920        1.71131 
H          4.40724       -0.62018       -0.92927 
H          3.38935        0.84521       -1.02291 
H          4.12785        0.38281        0.52633 
1 imaginary frequency 
E = -538.6473146 
H = -538.438163 
G = -538.487427 
 
 
1a, implicit Xylene (CPCM) 
C         -1.33292        0.35837        0.14761 
C          0.06153        0.89750        0.35061 
C         -1.65845       -0.94644        0.54228 
C         -2.95797       -1.42745        0.38732 
C         -3.95141       -0.60703       -0.15546 
C         -3.63504        0.69388       -0.54856 
C         -2.32993        1.17061       -0.40225 
H         -0.88602       -1.58599        0.95958 
H         -3.19713       -2.44278        0.69225 
H         -4.96440       -0.98217       -0.27361 
H         -4.39937        1.33635       -0.97741 
H         -2.08529        2.18160       -0.71995 
O          1.00270       -0.06555       -0.13567 
H          0.19240        1.84794       -0.18193 
H          0.26280        1.08003        1.41592 
C          2.31900        0.20482        0.03726 
C          2.85351        1.32064        0.56337 
O          2.98862       -0.87473       -0.43060 
H          3.92327        1.43723        0.66203 
H          2.23256        2.13791        0.90056 
C          4.41026       -0.82901       -0.38781 
H          4.75159       -1.77310       -0.81445 
H          4.79618        0.00750       -0.98259 
H          4.77143       -0.73756        0.64358 
0 imaginary frequencies 
E = -538.6978496 
H = -538.485278 
G = -538.53745 
 
A–20 
 
 
TS-1a, implicit Xylene (CPCM) 
C          0.54962       -1.20202        1.00070 
C         -0.80090       -0.55421       -0.82598 
C         -0.86877        0.83849       -0.48452 
C          0.24378        1.65482       -0.68686 
O          1.51139        0.93258        0.83253 
C          1.56994       -0.32007        0.65432 
C         -1.95393       -1.37166       -0.66004 
C         -3.06342       -0.87691       -0.01549 
C         -3.08416        0.46298        0.46521 
C         -2.01499        1.29472        0.24196 
O          2.57853       -0.86552       -0.11258 
C          3.67998       -0.00282       -0.40097 
H         -1.93576       -2.39506       -1.02377 
H         -3.93687       -1.50755        0.12796 
H         -3.96237        0.83025        0.98872 
H         -2.03779        2.32653        0.58392 
H          0.23586        2.68836       -0.35816 
H          0.98726        1.39801       -1.43147 
H         -0.01112       -0.88852       -1.49090 
H          0.67115       -2.26829        0.84613 
H         -0.19227       -0.86969        1.71357 
H          4.40874       -0.62184       -0.92794 
H          3.38589        0.83852       -1.03609 
H          4.12498        0.39296        0.51840 
1 imaginary frequency 
E = -538.6481176 
H = -538.439006 
G = -538.48835 
 
 
CN position 2 
C   -3.710910    0.610336   -0.173522 
C   -2.789651    1.306495    0.614194 
C   -1.501160    0.806352    0.789618 
C   -1.115912   -0.391118    0.172323 
C   -2.040118   -1.077841   -0.620305 
C   -3.335060   -0.583065   -0.789572 
C    0.272109   -0.937845    0.377706 
O    1.221517    0.037355   -0.085709 
A–21 
 
C    2.536167   -0.269181    0.065187 
C    3.079675   -1.391164    0.566199 
H   -1.746253   -2.003791   -1.109385 
H   -4.044774   -1.126547   -1.407250 
H   -4.716598    0.999584   -0.307181 
H   -3.077235    2.238474    1.093118 
H   -0.783264    1.350358    1.397641 
H    0.471790   -1.137277    1.440567 
H    0.412134   -1.875487   -0.175672 
C    3.376311    0.807515   -0.400495 
H    4.157011   -1.482778    0.621000 
H    2.484314   -2.222305    0.921725 
N    4.063147    1.668289   -0.770984 
0 imaginary frequencies 
E = -516.404050 
H = -516.226784 
G = -516.277261 
 
 
C   -2.742660   -1.124964    0.058957 
C   -1.578911   -1.534885   -0.532303 
C   -0.506223   -0.598866   -0.738285 
C   -0.774967    0.814334   -0.566876 
C   -1.979691    1.181261    0.119540 
C   -2.931082    0.244129    0.423251 
C    0.211715    1.745693   -0.854017 
O    1.515911    1.280539    0.785657 
C    1.693670    0.028368    0.711007 
C    0.683089   -0.908013    1.000857 
C    2.886732   -0.463440    0.010293 
H    0.909488   -1.969647    0.957542 
H   -0.094824   -0.603930    1.692348 
H    0.274065   -0.881633   -1.438829 
H   -2.139119    2.228790    0.361927 
H   -3.852980    0.541974    0.914551 
H   -3.541636   -1.837858    0.244534 
H   -1.433165   -2.573221   -0.815954 
H    1.023180    1.518910   -1.535057 
H    0.064302    2.795150   -0.622450 
N    3.841910   -0.823507   -0.548345 
1 imaginary frequency 
E = -516.343878 
H = -516.169769 
G = -516.216838 
 
A–22 
 
 
CN position 3 
C    4.045940    0.000019    0.189658 
C    3.357922    1.208775    0.066003 
C    1.985315    1.207181   -0.181571 
C    1.287789    0.000118   -0.307858 
C    1.985307   -1.206995   -0.182014 
C    3.357913   -1.208688    0.065574 
C   -0.195649    0.000150   -0.552413 
O   -0.871880   -0.000611    0.726188 
C   -2.209284   -0.000470    0.727192 
C   -3.041493    0.000151   -0.338593 
H    1.450252   -2.148863   -0.278592 
H    3.889945   -2.151393    0.158834 
H    5.115888   -0.000019    0.379229 
H    3.889964    2.151442    0.159594 
H    1.450255    2.149082   -0.277798 
H   -0.509384    0.890835   -1.110923 
H   -0.509247   -0.889977   -1.111895 
H   -2.594242   -0.000977    1.743088 
C   -4.451427    0.000184   -0.151617 
H   -2.681329    0.000624   -1.361248 
N   -5.608722    0.000226   -0.016568 
0 imaginary frequencies 
E = -516.413836 
H = -516.235762 
G = -516.286628 
 
 
C    1.646122   -1.945485   -0.115382 
C    0.614810   -1.628050    0.726084 
C    0.261026   -0.254808    0.935373 
C    1.157643    0.781479    0.461239 
C    2.179943    0.396062   -0.480631 
C    2.414048   -0.920339   -0.757467 
C    0.948264    2.095741    0.798312 
O   -0.990784    2.330936   -0.595061 
C   -1.705171    1.374050   -0.251237 
C   -1.373595    0.014553   -0.554365 
H   -2.568295    1.530576    0.425453 
C   -2.297283   -1.025042   -0.242011 
H   -0.700754   -0.164504   -1.387309 
H   -0.384895   -0.019323    1.774929 
A–23 
 
H    2.784313    1.176520   -0.935151 
H    3.205916   -1.202515   -1.445306 
H    1.895669   -2.986704   -0.300493 
H    0.021660   -2.402950    1.200609 
H    0.258853    2.384185    1.581966 
H    1.552611    2.888319    0.369352 
N   -3.030521   -1.882866    0.050991 
1 imaginary frequency 
E = -516.347369 
H = -516.173451 
G = -516.221164 
 
 
CN position 4  
C   -3.045727   -0.980339   -0.000488 
C   -2.050853   -1.959023   -0.000102 
C   -0.701043   -1.600651    0.000280 
C   -0.320140   -0.258892    0.000302 
C   -1.331241    0.727274   -0.000036 
C   -2.687380    0.364426   -0.000383 
C    1.130959    0.164636    0.000443 
O    1.959697   -0.986140    0.000856 
C    3.305007   -0.773905   -0.000297 
C    3.958890    0.390422   -0.000736 
C   -0.972921    2.116179    0.000102 
H   -3.444383    1.142118   -0.000563 
H   -4.094593   -1.261301   -0.000766 
H   -2.324413   -3.010533   -0.000116 
H    0.070281   -2.361447    0.000658 
H    1.349849    0.783117   -0.882817 
H    1.349552    0.783577    0.883436 
H    3.820452   -1.729952   -0.000822 
H    5.042635    0.380120   -0.001746 
H    3.471936    1.358457   -0.000111 
N   -0.661743    3.237743    0.000213 
0 imaginary frequencies 
E = -516.410029 
H = -516.232538 
G = -516.282102 
 
 
C    2.487828    0.679729    0.484086 
C    1.317891    1.372058    0.366281 
C    0.136199    0.721056   -0.158381 
C    0.287896   -0.577732   -0.809461 
A–24 
 
C    1.525164   -1.271715   -0.590333 
C    2.584491   -0.673807    0.033748 
C   -0.788108   -1.200452   -1.410084 
O   -1.820639   -1.718654    0.474344 
C   -1.928215   -0.628884    1.097064 
C   -0.817038    0.005987    1.692131 
H   -2.869176   -0.053998    1.030366 
H   -0.962139    0.925006    2.254131 
H    0.049200   -0.594500    1.948543 
C   -0.919626    1.595566   -0.611520 
H    1.609970   -2.286607   -0.969320 
H    3.518696   -1.212754    0.160902 
H    3.360741    1.163199    0.913577 
H    1.236240    2.403379    0.693611 
H   -1.669744   -0.651634   -1.715542 
H   -0.692290   -2.212284   -1.787197 
N   -1.762181    2.305513   -0.983574 
1 imaginary frequency 
E = -516.336451 
H = -516.162935 
G = -516.209534 
 
 
CN position 5 
C   -2.406359    1.227297    0.022775 
C   -1.286817    2.052056    0.091983 
C   -0.004529    1.503444    0.140927 
C    0.177718    0.115283    0.113301 
C   -0.940668   -0.715221    0.034848 
C   -2.232044   -0.165560   -0.004997 
C    1.555531   -0.497062    0.213880 
O    2.507483    0.395287   -0.351230 
C    3.813579    0.015904   -0.301785 
C    4.332169   -1.109588    0.196827 
H   -0.822801   -1.794685    0.000655 
C   -3.372760   -1.031992   -0.083856 
H   -3.406822    1.645639   -0.014537 
H   -1.413276    3.130642    0.108508 
H    0.865729    2.149156    0.187383 
H    1.817488   -0.686153    1.266795 
H    1.588648   -1.463296   -0.308968 
H    4.430817    0.789255   -0.750057 
H    5.405430   -1.254137    0.154984 
H    3.742878   -1.901058    0.644705 
N   -4.297554   -1.735003   -0.146150 
0 imaginary frequencies 
E = -516.409625 
H = -516.2321 
G = -516.281944 
A–25 
 
 
 
C    1.709666    1.299635   -0.474736 
C    1.492398    0.084542    0.142153 
C    0.162760   -0.275837    0.588910 
C   -0.838331    0.763595    0.647156 
C   -0.579633    1.978020   -0.058906 
C    0.653408    2.238952   -0.606106 
C   -2.107124    0.464816    1.139917 
O   -2.755482   -0.773788   -0.363753 
C   -1.861489   -1.667000   -0.501077 
C   -0.609177   -1.390961   -1.067604 
H   -1.985162   -2.631257    0.025512 
H    0.110381   -2.197445   -1.188854 
H   -0.521752   -0.558741   -1.758551 
H    0.095990   -1.091402    1.300582 
H   -1.374172    2.716988   -0.124428 
H    0.842100    3.181550   -1.110437 
H    2.699813    1.542683   -0.847822 
C    2.556051   -0.857818    0.297817 
H   -2.250949   -0.319048    1.873345 
H   -2.904348    1.197102    1.073259 
N    3.408684   -1.639685    0.431753 
1 imaginary frequency 
E = -516.344185 
H = -516.170014 
G = -516.216738 
 
 
CN position 6 
C    2.449617   -0.025686    0.006568 
C    1.603985   -1.142087    0.104826 
C    0.222786   -0.971280    0.125119 
C   -0.336534    0.308575    0.042065 
C    0.511944    1.418763   -0.062062 
C    1.893006    1.261817   -0.076447 
C   -1.830494    0.525308    0.102323 
O   -2.502198   -0.685890   -0.209658 
C   -3.862137   -0.668364   -0.160453 
C   -4.667804    0.355931    0.132723 
H    0.088855    2.417900   -0.135799 
H    2.545250    2.125213   -0.158522 
C    3.873062   -0.197256   -0.013392 
H    2.034300   -2.136604    0.165234 
A–26 
 
H   -0.431134   -1.832712    0.196247 
H   -2.127225    0.858330    1.109582 
H   -2.133521    1.314052   -0.601693 
H   -4.244791   -1.654486   -0.407304 
H   -5.739694    0.196308    0.126298 
H   -4.316542    1.351096    0.378596 
N    5.028216   -0.335188   -0.029000 
0 imaginary frequencies 
E = -516.409918 
H = -516.232436 
G = -516.282649 
 
 
C    1.843391    0.065546    0.063436 
C    1.012999   -0.709388    0.842946 
C   -0.374073   -0.376162    0.960078 
C   -0.827910    0.911072    0.487160 
C    0.052315    1.646064   -0.374362 
C    1.341717    1.245761   -0.585929 
C   -2.151579    1.284887    0.667251 
O   -3.023136   -0.097914   -0.698529 
C   -2.579461   -1.236715   -0.369812 
C   -1.252423   -1.627158   -0.608758 
H   -3.187097   -1.880015    0.294980 
H   -0.933805   -2.632152   -0.342724 
H   -0.695589   -1.134079   -1.398461 
H   -0.929158   -0.848321    1.763751 
H   -0.315993    2.558021   -0.836574 
H    2.010891    1.823674   -1.214450 
C    3.222759   -0.292300   -0.094778 
H    1.397371   -1.595117    1.338196 
H   -2.752977    0.861389    1.462090 
H   -2.536718    2.190304    0.211247 
N    4.343106   -0.575720   -0.230459 
1 imaginary frequency 
E = -516.342373 
H = -516.168416 
G = -516.215321 
 
 
CN position 7 
C   -2.406359    1.227297    0.022775 
A–27 
 
C   -1.286817    2.052056    0.091983 
C   -0.004529    1.503444    0.140927 
C    0.177718    0.115283    0.113301 
C   -0.940668   -0.715221    0.034848 
C   -2.232044   -0.165560   -0.004997 
C    1.555531   -0.497062    0.213880 
O    2.507483    0.395287   -0.351230 
C    3.813579    0.015904   -0.301785 
C    4.332169   -1.109588    0.196827 
H   -0.822801   -1.794685    0.000655 
C   -3.372760   -1.031992   -0.083856 
H   -3.406822    1.645639   -0.014537 
H   -1.413276    3.130642    0.108508 
H    0.865729    2.149156    0.187383 
H    1.817488   -0.686153    1.266795 
H    1.588648   -1.463296   -0.308968 
H    4.430817    0.789255   -0.750057 
H    5.405430   -1.254137    0.154984 
H    3.742878   -1.901058    0.644705 
N   -4.297554   -1.735003   -0.146150 
0 imaginary frequencies 
E = -516.409625 
H = -516.2321 
G = -516.281944 
 
 
C    1.547896    1.373922   -0.229999 
C    0.320461    1.826993   -0.616693 
C   -0.777756    0.911646   -0.785157 
C   -0.497367   -0.507090   -0.808579 
C    0.773635   -0.942195   -0.330349 
C    1.774048   -0.034526   -0.047792 
C   -1.528444   -1.413592   -1.041387 
O   -2.601739   -1.134885    0.708325 
C   -2.799619    0.114707    0.807977 
C   -1.769749    1.016252    1.117552 
H   -3.754973    0.535787    0.442020 
H   -2.004465    2.072361    1.229093 
H   -0.907985    0.654895    1.668515 
H   -1.631062    1.264453   -1.355455 
H    0.963307   -2.006332   -0.225730 
C    3.060076   -0.489319    0.389947 
H    2.373155    2.060680   -0.071177 
H    0.149878    2.889109   -0.765685 
H   -2.396205   -1.133853   -1.625869 
H   -1.356546   -2.479020   -0.934377 
A–28 
 
N    4.108532   -0.845683    0.748422 
1 imaginary frequency 
E = -516.342941 
H = -516.168867 
G = -516.215637 
 
 
CN position 8 
C   -3.045727   -0.980339   -0.000488 
C   -2.050853   -1.959023   -0.000102 
C   -0.701043   -1.600651    0.000280 
C   -0.320140   -0.258892    0.000302 
C   -1.331241    0.727274   -0.000036 
C   -2.687380    0.364426   -0.000383 
C    1.130959    0.164636    0.000443 
O    1.959697   -0.986140    0.000856 
C    3.305007   -0.773905   -0.000297 
C    3.958890    0.390422   -0.000736 
C   -0.972921    2.116179    0.000102 
H   -3.444383    1.142118   -0.000563 
H   -4.094593   -1.261301   -0.000766 
H   -2.324413   -3.010533   -0.000116 
H    0.070281   -2.361447    0.000658 
H    1.349849    0.783117   -0.882817 
H    1.349552    0.783577    0.883436 
H    3.820452   -1.729952   -0.000822 
H    5.042635    0.380120   -0.001746 
H    3.471936    1.358457   -0.000111 
N   -0.661743    3.237743    0.000213 
0 imaginary frequencies 
E = -516.410029 
H = -516.232538 
G = -516.282102 
 
 
C   -0.778415    2.424445   -0.167450 
C    0.431106    2.226801    0.442969 
C    0.863651    0.900265    0.781530 
C   -0.082782   -0.187491    0.728574 
C   -1.316721    0.057163    0.013229 
C   -1.647313    1.326094   -0.416378 
C    0.308889   -1.456643    1.129311 
O    1.649378   -1.864176   -0.452724 
C    2.453278   -0.886864   -0.490399 
A–29 
 
C    2.074023    0.381305   -0.955836 
H    3.423487   -0.967358    0.036402 
H    2.814028    1.176868   -1.003335 
H    1.236232    0.457948   -1.640650 
H    1.684755    0.809727    1.484812 
C   -2.240127   -1.017728   -0.198859 
H   -2.595467    1.490308   -0.918016 
H   -1.094027    3.422545   -0.456743 
H    1.093786    3.063888    0.643298 
H    1.116514   -1.584513    1.838908 
H   -0.339589   -2.312792    0.983882 
N   -2.989753   -1.892470   -0.363845 
1 imaginary frequency 
E = -516.341769 
H = -516.167756 
G = -516.21452 
 
 
CN position 9 
C    3.440354   -0.168020    0.164270 
C    2.656239    0.563327    1.060957 
C    1.273241    0.612681    0.901817 
C    0.664845   -0.077235   -0.153685 
C    1.450090   -0.809512   -1.047106 
C    2.836728   -0.853420   -0.889947 
C   -0.843002   -0.044912   -0.319361 
O   -1.432659   -0.614897    0.849684 
C   -2.745322   -0.999669    0.784201 
C   -3.611545   -0.846783   -0.218377 
H    0.979532   -1.348067   -1.866214 
H    3.441387   -1.423921   -1.589299 
H    4.519326   -0.201484    0.287899 
H    3.123856    1.098948    1.882321 
H    0.661660    1.182595    1.595393 
C   -1.331447    1.339714   -0.530089 
H   -1.130558   -0.638001   -1.198153 
H   -3.012822   -1.486275    1.717247 
H   -4.618360   -1.229604   -0.098092 
H   -3.386972   -0.336419   -1.147683 
N   -1.693839    2.429197   -0.699568 
0 imaginary frequencies 
E = -516.396564 
H = -516.219604 
G = -516.269797 
 
A–30 
 
 
C   -2.852349    0.000847    0.496918 
C   -1.825666    0.365960    1.333592 
C   -0.476117    0.085883    0.973980 
C   -0.208616   -0.746071   -0.164675 
C   -1.294631   -1.049071   -1.042285 
C   -2.578782   -0.688693   -0.717592 
C    1.106040   -1.091856   -0.512906 
O    1.651503    0.851119   -1.333091 
C    1.402819    1.689052   -0.413990 
C    0.097163    2.077274   -0.095678 
H    2.216110    2.002868    0.262577 
H   -0.080515    2.808255    0.688535 
H   -0.695479    1.919714   -0.818504 
H    0.300668    0.207135    1.720805 
H   -1.089828   -1.599537   -1.956573 
H   -3.399475   -0.952252   -1.378684 
H   -3.881128    0.230732    0.759925 
H   -2.026224    0.892595    2.262028 
C    2.158692   -1.114607    0.442760 
H    1.290195   -1.623661   -1.440281 
N    2.997477   -1.123873    1.252022 
1 imaginary frequency 
E = -516.343445 
H = -516.169541 
G = -516.216437 
 
 
OMe position 2 
C    3.956231   -0.631864   -0.082799 
C    2.907347   -1.479534    0.280226 
C    1.604320   -0.989681    0.368520 
C    1.334488    0.354363    0.085425 
C    2.387758    1.196253   -0.287222 
C    3.693243    0.709075   -0.365786 
C   -0.058664    0.919039    0.229837 
O   -1.009338   -0.080488   -0.129164 
C   -2.320764    0.219461    0.021566 
C   -2.840614    1.395653    0.413270 
H    2.186220    2.239719   -0.520742 
H    4.501214    1.374698   -0.657916 
H    4.970824   -1.015453   -0.150018 
H    3.103826   -2.526622    0.495628 
A–31 
 
H    0.786598   -1.649040    0.641256 
H   -0.247562    1.232858    1.267763 
H   -0.185571    1.803242   -0.409658 
O   -3.003393   -0.902502   -0.304255 
H   -3.907808    1.534911    0.507961 
H   -2.210299    2.242519    0.641955 
C   -4.420268   -0.836269   -0.260466 
H   -4.774474   -1.820343   -0.571570 
H   -4.776687   -0.620465    0.754788 
H   -4.802890   -0.071072   -0.947522 
0 imaginary frequencies 
E = -538.693926 
H = -538.481246 
G = -538.532862 
 
 
C   -3.061555   -0.874065   -0.014856 
C   -1.951293   -1.373755   -0.652022 
C   -0.793252   -0.560484   -0.814668 
C   -0.862887    0.835704   -0.486693 
C   -2.009956    1.296220    0.233621 
C   -3.081090    0.468121    0.458735 
C    0.255579    1.646824   -0.682809 
O    1.504666    0.937752    0.820231 
C    1.563695   -0.315705    0.651481 
C    0.538943   -1.193181    0.998769 
O    2.568795   -0.865681   -0.116142 
H    0.663564   -2.260579    0.854214 
H   -0.197443   -0.856209    1.715064 
H   -0.005479   -0.898338   -1.480713 
H   -2.031329    2.329594    0.571231 
H   -3.960039    0.840224    0.977768 
H   -3.937014   -1.502269    0.128165 
H   -1.933859   -2.399170   -1.010603 
H    0.994434    1.391524   -1.432845 
H    0.249742    2.680846   -0.355954 
C    3.677149   -0.010745   -0.390760 
H    4.406235   -0.632834   -0.914222 
H    3.395593    0.837239   -1.023611 
H    4.115915    0.379801    0.533999 
1 imaginary frequency 
E = -538.644212 
H = -538.434958 
G = -538.484235 
 
A–32 
 
 
OMe position 3 
C    4.230544    0.274227    0.062234 
C    3.339676    1.315659   -0.210028 
C    1.971335    1.064041   -0.298602 
C    1.474888   -0.231619   -0.107264 
C    2.371497   -1.267234    0.173659 
C    3.743279   -1.018826    0.253260 
C   -0.000337   -0.518004   -0.247128 
O   -0.741275    0.508259    0.402979 
C   -2.107468    0.438841    0.320046 
C   -2.828373   -0.519060   -0.283615 
H    1.995001   -2.275148    0.334610 
H    4.427758   -1.833796    0.473538 
H    5.297196    0.471456    0.129017 
H    3.712514    2.326298   -0.355137 
H    1.276920    1.873507   -0.502436 
H   -0.292143   -0.551683   -1.310115 
H   -0.246836   -1.497459    0.189828 
H   -2.553032    1.285502    0.827536 
O   -4.193685   -0.584390   -0.364288 
H   -2.386090   -1.370469   -0.785696 
C   -4.923091    0.461559    0.249653 
H   -5.978967    0.239391    0.083327 
H   -4.724754    0.507668    1.330235 
H   -4.679587    1.436280   -0.197527 
0 imaginary frequencies 
E = -538.680043 
H = -538.466914 
G = -538.518524 
 
 
C    1.044018   -2.279799    0.053417 
C    0.277778   -1.569041    0.938999 
C    0.390650   -0.140066    1.010477 
C    1.493911    0.510627    0.339657 
C    2.215738   -0.264930   -0.634891 
C    1.999879   -1.608929   -0.772405 
C    1.722439    1.861231    0.506724 
O   -0.148308    2.461663   -0.653373 
C   -1.100977    1.850236   -0.115401 
C   -1.306279    0.458939   -0.298335 
H   -1.729360    2.329737    0.661052 
O   -2.419290   -0.101302    0.258218 
A–33 
 
H   -0.880039   -0.030649   -1.171064 
H   -0.039504    0.352339    1.877126 
H    2.973734    0.234929   -1.233142 
H    2.580635   -2.183536   -1.489098 
H    0.940860   -3.359468   -0.019902 
H   -0.445205   -2.070474    1.576229 
H    1.298701    2.412460    1.336783 
H    2.471385    2.378296   -0.083714 
C   -2.955285   -1.220953   -0.439819 
H   -3.798740   -1.581055    0.153080 
H   -3.311436   -0.929185   -1.436990 
H   -2.211489   -2.020177   -0.539660 
1 imaginary frequency 
E = -538.619825 
H = -538.411089 
G = -538.460736 
 
 
OMe position 4 
C    2.708633   -1.474404   -0.000536 
C    1.604808   -2.321147   -0.000410 
C    0.315842   -1.777669    0.000019 
C    0.118954   -0.399091    0.000274 
C    1.245688    0.447024    0.000132 
C    2.536541   -0.086349   -0.000280 
C   -1.251081    0.234424    0.000539 
O   -2.245911   -0.782776    0.001430 
C   -3.541248   -0.377286   -0.000031 
C   -4.025049    0.868748   -0.001278 
O    0.960469    1.787791    0.000486 
H    3.404867    0.562536   -0.000341 
H    3.715331   -1.883879   -0.000853 
H    1.738619   -3.399034   -0.000631 
H   -0.553969   -2.424804    0.000103 
H   -1.378938    0.879392    0.882118 
H   -1.379784    0.878534   -0.881525 
H   -4.192748   -1.247152   -0.000108 
H   -5.099475    1.011816   -0.002478 
H   -3.404768    1.756995   -0.001255 
C    2.039575    2.708147   -0.000057 
H    1.586765    3.701458   -0.000025 
H    2.666174    2.594944    0.894398 
H    2.665482    2.594690   -0.894966 
0 imaginary frequencies 
E = -538.689837 
H = -538.477311 
G = -538.528213 
 
A–34 
 
 
C    2.355029    0.853161    0.531095 
C    1.128491    1.399507    0.278318 
C    0.071537    0.588290   -0.277302 
C    0.411644   -0.731292   -0.798821 
C    1.700512   -1.261665   -0.449058 
C    2.641414   -0.505345    0.191005 
C   -0.539649   -1.496948   -1.429890 
O   -1.708691   -1.983897    0.483602 
C   -1.840443   -0.874116    1.057342 
C   -0.767947   -0.166393    1.638168 
H   -2.805773   -0.334291    0.973020 
H   -0.978235    0.740281    2.200975 
H    0.128131   -0.708999    1.920027 
O   -1.013123    1.156697   -0.891860 
H    1.922174   -2.282707   -0.748652 
H    3.618471   -0.920086    0.420624 
H    3.127177    1.459987    0.996815 
H    0.923591    2.430127    0.545165 
H   -1.459312   -1.068522   -1.800802 
H   -0.315080   -2.517040   -1.721478 
C   -1.439974    2.443645   -0.472238 
H   -2.383860    2.627731   -0.988619 
H   -1.606548    2.476084    0.611812 
H   -0.719889    3.221969   -0.754544 
1 imaginary frequency 
E = -538.617389 
H = -538.409031 
G = -538.457255 
 
 
OMe position 5 
C    2.535781    1.157266   -0.101755 
C    2.007884   -0.138278    0.013403 
C    0.626737   -0.324552    0.118252 
C   -0.231554    0.783939    0.095672 
C    0.294238    2.070078   -0.028545 
C    1.678657    2.249485   -0.120779 
C   -1.719374    0.591392    0.263335 
O   -2.131032   -0.582310   -0.437869 
C   -3.443718   -0.920457   -0.352792 
C   -4.428203   -0.286148    0.291683 
H   -0.370353    2.929801   -0.056691 
H    2.089046    3.251028   -0.218336 
H    3.611945    1.275346   -0.180104 
A–35 
 
O    2.925543   -1.149702    0.016001 
H    0.197264   -1.315459    0.197680 
H   -1.982012    0.476986    1.326708 
H   -2.267883    1.463565   -0.117957 
H   -3.619164   -1.834437   -0.914129 
H   -5.429560   -0.699307    0.254103 
H   -4.289734    0.628996    0.855054 
C    2.454269   -2.483748    0.119872 
H    3.342938   -3.117326    0.097260 
H    1.914538   -2.649695    1.061718 
H    1.798586   -2.747258   -0.720434 
0 imaginary frequencies 
E = -538.689481 
H = -538.476987 
G = -538.528265 
 
 
C    1.635197    1.135983   -0.443673 
C    1.313013   -0.015610    0.233470 
C   -0.040367   -0.247137    0.663310 
C   -0.987503    0.832700    0.607496 
C   -0.637161    1.985465   -0.170798 
C    0.630079    2.125568   -0.668632 
C   -2.278834    0.622766    1.080092 
O   -2.962774   -0.703325   -0.393222 
C   -2.099080   -1.632207   -0.460067 
C   -0.825745   -1.438424   -1.006688 
H   -2.272201   -2.565656    0.109451 
H   -0.126391   -2.269377   -1.055583 
H   -0.677076   -0.629485   -1.714227 
H   -0.173931   -1.030340    1.401630 
H   -1.383129    2.760078   -0.325282 
H    0.899297    3.016617   -1.229257 
H    2.641193    1.313975   -0.806228 
O    2.165698   -1.039114    0.525274 
H   -2.482917   -0.120898    1.840420 
H   -3.042644    1.380615    0.943933 
C    3.519370   -0.908880    0.118176 
H    4.024132   -1.815480    0.456273 
H    3.603502   -0.829247   -0.973699 
H    3.992953   -0.032630    0.580033 
1 imaginary frequency 
E = -538.624464 
H = -538.415431 
G = -538.463647 
 
A–36 
 
 
OMe position 6 
C    2.270659    0.260487   -0.031789 
C    1.418210    1.360626   -0.221772 
C    0.052560    1.165719   -0.361374 
C   -0.504964   -0.122651   -0.310962 
C    0.352399   -1.204581   -0.116097 
C    1.733393   -1.029609    0.019387 
C   -1.988202   -0.319442   -0.464974 
O   -2.656057    0.282431    0.652632 
C   -4.012304    0.230158    0.654576 
C   -4.829328   -0.330787   -0.243475 
H   -0.056680   -2.211189   -0.066934 
H    2.368537   -1.895498    0.167184 
O    3.597388    0.556229    0.089688 
H    1.855001    2.353740   -0.258519 
H   -0.598826    2.024252   -0.503770 
H   -2.360946    0.150004   -1.387187 
H   -2.239563   -1.387875   -0.509808 
H   -4.392790    0.734031    1.539584 
H   -5.900020   -0.277686   -0.082808 
H   -4.486187   -0.844071   -1.134028 
C    4.507407   -0.513534    0.288818 
H    5.495993   -0.056430    0.360869 
H    4.291805   -1.059511    1.216851 
H    4.494059   -1.217366   -0.554023 
0 imaginary frequencies 
E = -538.689274 
H = -538.476727 
G = -538.528445 
 
 
C    1.726423    0.305549   -0.071518 
C    1.014821   -0.578673    0.705762 
C   -0.388036   -0.369782    0.903552 
C   -0.985108    0.889682    0.527344 
C   -0.213657    1.742384   -0.334225 
C    1.089539    1.464887   -0.625770 
C   -2.314712    1.150654    0.805275 
O   -3.220527   -0.236390   -0.595743 
C   -2.649464   -1.341446   -0.363367 
C   -1.313583   -1.599972   -0.696185 
H   -3.154583   -2.077967    0.294194 
H   -0.895674   -2.585418   -0.504638 
H   -0.840577   -1.013928   -1.476854 
A–37 
 
H   -0.861142   -0.932278    1.701386 
H   -0.681181    2.639973   -0.730872 
H    1.687726    2.118654   -1.252537 
O    3.048429    0.204541   -0.375083 
H    1.477906   -1.459791    1.133677 
H   -2.840988    0.627947    1.593857 
H   -2.792842    2.048477    0.428954 
C    3.764261   -0.915953    0.123843 
H    4.786303   -0.806759   -0.242515 
H    3.768682   -0.930264    1.221426 
H    3.340247   -1.857844   -0.247727 
1 imaginary frequency 
E = -538.625186 
H = -538.416285 
G = -538.464721 
 
 
OMe position 7 
C    2.535781    1.157266   -0.101755 
C    2.007884   -0.138278    0.013403 
C    0.626737   -0.324552    0.118252 
C   -0.231554    0.783939    0.095672 
C    0.294238    2.070078   -0.028545 
C    1.678657    2.249485   -0.120779 
C   -1.719374    0.591392    0.263335 
O   -2.131032   -0.582310   -0.437869 
C   -3.443718   -0.920457   -0.352792 
C   -4.428203   -0.286148    0.291683 
H   -0.370353    2.929801   -0.056691 
H    2.089046    3.251028   -0.218336 
H    3.611945    1.275346   -0.180104 
O    2.925543   -1.149702    0.016001 
H    0.197264   -1.315459    0.197680 
H   -1.982012    0.476986    1.326708 
H   -2.267883    1.463565   -0.117957 
H   -3.619164   -1.834437   -0.914129 
H   -5.429560   -0.699307    0.254103 
H   -4.289734    0.628996    0.855054 
C    2.454269   -2.483748    0.119872 
H    3.342938   -3.117326    0.097260 
H    1.914538   -2.649695    1.061718 
H    1.798586   -2.747258   -0.720434 
0 imaginary frequencies 
E = -538.689481 
H = -538.476987 
G = -538.528265 
 
A–38 
 
 
C   -1.287152    1.649680    0.124123 
C   -0.023324    1.998239    0.503684 
C    0.959846    0.986899    0.767084 
C    0.528079   -0.382310    0.876655 
C   -0.784946   -0.718343    0.400858 
C   -1.666047    0.270503    0.035803 
C    1.452274   -1.362242    1.210877 
O    2.571129   -1.362552   -0.617251 
C    2.894756   -0.154581   -0.820303 
C    1.969609    0.825126   -1.201954 
H    3.897898    0.193057   -0.503293 
H    2.310646    1.839700   -1.394046 
H    1.048019    0.520709   -1.686585 
H    1.860942    1.281406    1.294168 
H   -1.066811   -1.764890    0.374636 
O   -2.943968    0.075491   -0.400670 
H   -2.040545    2.395592   -0.110392 
H    0.258925    3.045023    0.572115 
H    2.359898   -1.115627    1.747140 
H    1.178986   -2.411696    1.196407 
C   -3.407998   -1.260742   -0.513435 
H   -4.430579   -1.193584   -0.888866 
H   -2.796029   -1.838372   -1.218708 
H   -3.409220   -1.768193    0.460446 
1 imaginary frequency 
E = -538.623341 
H = -538.414462 
G = -538.462836 
 
 
OMe position 8 
C    2.708633   -1.474404   -0.000536 
C    1.604808   -2.321147   -0.000410 
C    0.315842   -1.777669    0.000019 
C    0.118954   -0.399091    0.000274 
C    1.245688    0.447024    0.000132 
C    2.536541   -0.086349   -0.000280 
C   -1.251081    0.234424    0.000539 
O   -2.245911   -0.782776    0.001430 
C   -3.541248   -0.377286   -0.000031 
C   -4.025049    0.868748   -0.001278 
O    0.960469    1.787791    0.000486 
A–39 
 
H    3.404867    0.562536   -0.000341 
H    3.715331   -1.883879   -0.000853 
H    1.738619   -3.399034   -0.000631 
H   -0.553969   -2.424804    0.000103 
H   -1.378938    0.879392    0.882118 
H   -1.379784    0.878534   -0.881525 
H   -4.192748   -1.247152   -0.000108 
H   -5.099475    1.011816   -0.002478 
H   -3.404768    1.756995   -0.001255 
C    2.039575    2.708147   -0.000057 
H    1.586765    3.701458   -0.000025 
H    2.666174    2.594944    0.894398 
H    2.665482    2.594690   -0.894966 
0 imaginary frequencies 
E = -538.689837 
H = -538.477311 
G = -538.528213 
 
 
C   -0.784883    2.336904   -0.130465 
C    0.471961    2.259978    0.405333 
C    1.006507    0.978346    0.757033 
C    0.136913   -0.172287    0.798099 
C   -1.153261   -0.047126    0.154302 
C   -1.597641    1.176967   -0.294344 
C    0.625798   -1.397581    1.213083 
O    1.901525   -1.815229   -0.474414 
C    2.622255   -0.782892   -0.601556 
C    2.127052    0.441549   -1.069726 
H    3.636442   -0.777658   -0.153778 
H    2.805518    1.282354   -1.191872 
H    1.228113    0.449862   -1.676568 
H    1.884991    0.952739    1.393441 
O   -1.867769   -1.200052    0.090807 
H   -2.579089    1.283739   -0.740969 
H   -1.191605    3.298202   -0.434335 
H    1.085879    3.147400    0.525281 
H    1.499912   -1.455220    1.849216 
H    0.019079   -2.290204    1.140452 
C   -3.154235   -1.166422   -0.508788 
H   -3.531672   -2.189215   -0.463336 
H   -3.833199   -0.500578    0.039488 
H   -3.097210   -0.843782   -1.555990 
1 imaginary frequency 
E = -538.624193 
H = -538.415074 
G = -538.463323 
A–40 
 
 
 
OMe position 9 
C    3.474006   -0.322330    0.006773 
C    2.636149   -1.356625    0.424551 
C    1.250016   -1.232209    0.307251 
C    0.690019   -0.067224   -0.225788 
C    1.535688    0.967613   -0.646753 
C    2.919268    0.841605   -0.530440 
C   -0.811422    0.096077   -0.425174 
O   -1.469426   -0.914547    0.326759 
C   -2.780307   -1.185393    0.037130 
C   -3.630185   -0.477687   -0.709012 
H    1.100823    1.874149   -1.057871 
H    3.564356    1.652502   -0.858521 
H    4.552451   -0.421677    0.097832 
H    3.060138   -2.265048    0.844610 
H    0.598303   -2.035345    0.631792 
O   -1.272774    1.391314   -0.124191 
H   -1.075311   -0.034302   -1.482938 
H   -3.068233   -2.113932    0.522844 
H   -4.634540   -0.859000   -0.856658 
H   -3.375918    0.474940   -1.156279 
C   -1.170703    1.775030    1.246805 
H   -1.516292    2.809969    1.293370 
H   -1.807319    1.149971    1.882727 
H   -0.136023    1.720485    1.606486 
0  imaginary frequencies 
E = -538.691430 
H = -538.478913 
G = -538.52994 
 
 
C   -3.040526   -0.136509    0.319722 
C   -2.139195    0.440337    1.176698 
C   -0.732574    0.266718    0.971764 
C   -0.303024   -0.728223    0.024729 
C   -1.263401   -1.255667   -0.892519 
C   -2.595800   -0.964204   -0.754235 
C    1.047659   -1.022785   -0.132042 
O    1.465755    0.887008   -1.328751 
C    1.122073    1.773318   -0.495288 
C   -0.215651    2.095879   -0.222772 
H    1.888551    2.212495    0.174704 
H   -0.443923    2.906213    0.465563 
A–41 
 
H   -0.969336    1.856753   -0.965479 
H   -0.057128    0.529717    1.775917 
H   -0.922783   -1.917414   -1.685364 
H   -3.322578   -1.390352   -1.439819 
H   -4.106359    0.026398    0.458386 
H   -2.478251    1.071415    1.993602 
O    1.915513   -0.760190    0.850166 
H    1.397283   -1.653508   -0.947030 
C    3.296829   -0.824784    0.473998 
H    3.871405   -0.616301    1.377261 
H    3.545399   -1.826793    0.101532 
H    3.489235   -0.077639   -0.300927 
1 imaginary frequency 
E = -538.632498 
H = -538.42315 
G = -538.471648 
 
 
1b 
C          1.29449        1.25049        0.37448 
C          0.39151        0.48878       -0.36547 
C          0.85526       -0.69183       -0.96891 
C          2.17609       -1.09141       -0.83585 
C          3.07702       -0.31017       -0.09337 
C          2.63272        0.86831        0.51411 
C         -1.04158        0.91682       -0.52668 
O         -1.88552       -0.05603        0.10316 
C         -3.22241        0.12968        0.01290 
O         -3.79394       -0.93168        0.62974 
C         -5.21070       -0.96031        0.69425 
C         -3.86049        1.16052       -0.56951 
H          0.16468       -1.30636       -1.54062 
H          2.54068       -2.00355       -1.29787 
O          4.35454       -0.78574       -0.02798 
H          3.30603        1.48757        1.09553 
H          0.95629        2.16482        0.85685 
H         -1.20894        1.90091       -0.06962 
H         -1.32004        0.98669       -1.58778 
H         -4.93936        1.21387       -0.59237 
H         -3.31684        1.97118       -1.03218 
H         -5.46631       -1.87272        1.23561 
H         -5.60161       -0.08851        1.23413 
H         -5.65440       -0.99106       -0.30916 
C          5.31058       -0.04190        0.71010 
H          6.24718       -0.59697        0.63178 
H          5.44971        0.96425        0.29254 
H          5.02728        0.04350        1.76755 
A–42 
 
0 imaginary frequencies 
E = -653.2166992 
H = -652.968654 
G = -653.026612 
 
 
TS-1b 
C         -1.03713        1.67298        0.17655 
C          0.06680        1.08210       -0.51316 
C         -0.06518       -0.29872       -0.90083 
C         -1.33070       -0.92749       -0.84027 
C         -2.39232       -0.29633       -0.22066 
C         -2.23294        1.01648        0.32012 
C          1.28311        1.74122       -0.64172 
O          2.40197        0.78540        0.91108 
C          2.26483       -0.44831        0.67948 
O          3.20349       -1.12093       -0.07947 
C          4.43349       -0.43212       -0.29105 
C          1.10515       -1.17287        0.95004 
H         -1.47366       -1.92685       -1.23806 
O         -3.56518       -0.98789       -0.17070 
H         -3.05740        1.50615        0.82516 
H         -0.92733        2.68187        0.56646 
H          1.40680        2.75173       -0.26837 
H          2.02558        1.40163       -1.35296 
H          0.69705       -0.73135       -1.54028 
H          1.06868       -2.23882        0.75606 
H          0.39989       -0.75576        1.65545 
H          5.07942       -1.13688       -0.81931 
H          4.30099        0.47036       -0.89714 
H          4.89597       -0.14257        0.65902 
C         -4.70861       -0.37042        0.40263 
H         -5.51786       -1.09565        0.30070 
H         -4.55875       -0.14689        1.46673 
H         -4.98066        0.55135       -0.12745 
1 imaginary frequency 
E = -653.1671631 
H = -652.922618 
G = -652.978128 
 
 
A–43 
 
1c 
C         -1.58495        1.54773       -0.00002 
C         -0.57172        0.57894        0.00013 
C         -0.92118       -0.77499        0.00022 
C         -2.26033       -1.15745        0.00016 
C         -3.27134       -0.18430       -0.00001 
C         -2.92403        1.17790       -0.00010 
C          0.86973        1.03455        0.00012 
O          1.72271       -0.09690        0.00001 
C          3.06161        0.12163        0.00004 
O          3.63848       -1.09973        0.00005 
C          5.05840       -1.14841       -0.00022 
C          3.68031        1.31401       -0.00003 
H         -0.13936       -1.52519        0.00036 
H         -2.52890       -2.20902        0.00023 
C         -4.65090       -0.57498       -0.00010 
H         -3.70454        1.93182       -0.00021 
H         -1.32437        2.60384       -0.00008 
H          1.07323        1.65465       -0.88564 
H          1.07332        1.65453        0.88594 
H          4.75823        1.38645       -0.00005 
H          3.12426        2.24015       -0.00010 
H          5.31937       -2.20763       -0.00029 
H          5.47060       -0.66587       -0.89507 
H          5.47093       -0.66594        0.89453 
N         -5.77084       -0.89034       -0.00018 
0 imaginary frequencies 
E = -630.9377127 
H = -630.724693 
G = -630.781435 
 
 
TS-1c 
C         -1.10289        1.79796        0.23785 
C         -0.04987        1.14684       -0.47814 
C         -0.24340       -0.22479       -0.85571 
C         -1.53773       -0.80224       -0.75176 
C         -2.55178       -0.11463       -0.11138 
C         -2.32028        1.19667        0.41655 
C          1.21539        1.72322       -0.61163 
O          2.23124        0.72313        0.86943 
C          2.05735       -0.51197        0.64490 
O          2.95103       -1.21132       -0.12901 
C          4.21562       -0.58291       -0.34777 
C          0.87325       -1.18641        0.94356 
H         -1.72008       -1.79496       -1.15005 
A–44 
 
C         -3.84932       -0.70925        0.02273 
H         -3.12637        1.70773        0.93211 
H         -0.93313        2.80290        0.61523 
H          1.40514        2.72382       -0.23933 
H          1.90523        1.36025       -1.36396 
H          0.47462       -0.68946       -1.52359 
H          0.79240       -2.25206        0.75992 
H          0.20576       -0.73990        1.66763 
H          4.82137       -1.32059       -0.87723 
H          4.12285        0.32256       -0.95571 
H          4.69329       -0.31740        0.60110 
N         -4.90532       -1.18463        0.13648 
1 imaginary frequency 
E = -630.8872756 
H = -630.677602 
G = -630.731281 
 
 
1d 
C         -1.37840        2.09833       -0.18849 
C         -0.54024        0.99794        0.04605 
C         -1.09136       -0.27389        0.17079 
C         -2.47696       -0.45944        0.06065 
C         -3.31684        0.63689       -0.16528 
C         -2.75315        1.91063       -0.28675 
C          0.94415        1.22463        0.21472 
O          1.64967        0.04039       -0.13981 
C          2.99208        0.03493        0.03137 
O          3.40911       -1.20774       -0.30378 
C          4.80281       -1.46565       -0.23430 
C          3.75760        1.05885        0.44711 
H         -0.45851       -1.13786        0.33824 
O         -2.90626       -1.74972        0.19198 
H         -4.39014        0.51372       -0.25257 
H         -3.40351        2.76195       -0.47018 
H         -0.95418        3.09352       -0.29701 
H          1.27881        2.06094       -0.41454 
H          1.17976        1.48344        1.25822 
H          4.82721        0.95278        0.55610 
H          3.33068        2.02300        0.68158 
H          4.93038       -2.50166       -0.55219 
H          5.36313       -0.80146       -0.90439 
H          5.17844       -1.34534        0.78977 
C         -4.29597       -2.00872        0.08640 
H         -4.41052       -3.08644        0.21723 
H         -4.86594       -1.48698        0.86702 
H         -4.68811       -1.72000       -0.89806 
A–45 
 
0 imaginary frequencies 
E = -653.2163765 
H = -652.968425 
G = -653.026278 
 
 
TS-1d-towards 
C         -0.86553        2.30320        0.04758 
C         -0.02248        1.33260       -0.58142 
C         -0.46394       -0.02557       -0.61289 
C         -1.81228       -0.33667       -0.25449 
C         -2.62627        0.63555        0.28648 
C         -2.12830        1.95903        0.45528 
C          1.29724        1.61968       -0.94867 
O          2.32967        0.82145        0.61389 
C          1.94418       -0.38438        0.71444 
O          2.62398       -1.38387        0.05182 
C          3.92901       -1.04502       -0.41316 
C          0.72120       -0.75721        1.26106 
O         -2.16005       -1.63826       -0.46875 
H         -3.64394        0.41262        0.58636 
H         -2.77991        2.70529        0.90158 
H         -0.50183        3.32048        0.16333 
H          1.68411        2.62785       -0.84900 
H          1.81620        0.98367       -1.65581 
H          0.06670       -0.75435       -1.21646 
H          0.44651       -1.80377        1.32910 
H          0.21832       -0.04908        1.90519 
H          4.34666       -1.96963       -0.81722 
H          3.90152       -0.28110       -1.19706 
H          4.55930       -0.67782        0.40445 
C         -3.47635       -2.03876       -0.12287 
H         -3.54526       -3.09780       -0.37751 
H         -3.66662       -1.90871        0.95086 
H         -4.22940       -1.47699       -0.69149 
1 imaginary frequency 
E = -653.1680153 
H = -652.923311 
G = -652.978489 
 
A–46 
 
 
TS-1d-away 
C          1.49880       -0.73409       -0.37800 
C          0.20668       -0.34294       -0.85990 
C         -0.14836        1.04226       -0.81955 
C          0.86203        2.00686       -0.54200 
C          2.11133        1.60824       -0.14626 
C          2.42924        0.22043       -0.03556 
C         -0.77664       -1.28730       -1.16117 
O         -1.90783       -1.22968        0.58825 
C         -2.21388       -0.01312        0.76094 
O         -3.40029        0.48176        0.25703 
C         -4.36624       -0.49590       -0.12223 
C         -1.32876        0.94864        1.23770 
H          0.62642        3.06437       -0.61996 
H          2.89110        2.32601        0.08985 
O          3.69799       -0.02911        0.40316 
H          1.72824       -1.79244       -0.32459 
H         -0.55614       -2.34817       -1.11923 
H         -1.64229       -1.00529       -1.74778 
H         -1.06574        1.36226       -1.30192 
H         -1.65915        1.97045        1.38708 
H         -0.44330        0.61291        1.75934 
H         -5.26104        0.06557       -0.39962 
H         -4.03112       -1.09718       -0.97384 
H         -4.59444       -1.17304        0.70851 
C          4.09764       -1.38348        0.53649 
H          5.12535       -1.35953        0.90324 
H          3.46514       -1.91936        1.25670 
H          4.06696       -1.90798       -0.42798 
1 imaginary frequency 
E = -653.1673251 
H = -652.922734 
G = -652.977965 
 
 
1e 
C          1.88746       -0.73401       -0.00393 
C          0.69561       -0.01809        0.12034 
C          0.74254        1.37821        0.20010 
A–47 
 
C          1.96663        2.04892        0.15793 
C          3.15858        1.34035        0.04229 
C          3.11859       -0.06146       -0.03873 
C         -0.61093       -0.77514        0.20575 
O         -1.68005        0.10829       -0.09574 
C         -2.94387       -0.37444        0.00407 
O         -3.76313        0.66765       -0.25850 
C         -5.16076        0.41379       -0.24878 
C         -3.30194       -1.63446        0.30166 
H         -0.18520        1.93297        0.28354 
H          1.98865        3.13326        0.21578 
H          4.11361        1.85434        0.00953 
C          4.33589       -0.80988       -0.16531 
H          1.87387       -1.81810       -0.07705 
H         -0.61105       -1.62109       -0.49584 
H         -0.75119       -1.18658        1.21680 
H         -4.34147       -1.92238        0.36175 
H         -2.56641       -2.40379        0.48599 
H         -5.63728        1.36397       -0.49426 
H         -5.43075       -0.34055       -0.99813 
H         -5.49526        0.07771        0.74061 
N          5.32301       -1.41714       -0.26673 
0 imaginary frequencies 
E = -630.9373498 
H = -630.724349 
G = -630.780962 
 
 
TS-1e-towards 
C          1.17643       -2.18406       -0.03748 
C          0.27137       -1.24271       -0.60440 
C          0.60925        0.15205       -0.53693 
C          1.95619        0.51151       -0.17926 
C          2.82623       -0.44790        0.30894 
C          2.42271       -1.80075        0.40558 
C         -1.03092       -1.60882       -0.98090 
O         -2.08602       -0.98033        0.55798 
C         -1.80101        0.25166        0.71739 
O         -2.55183        1.21690        0.10067 
C         -3.82587        0.80517       -0.40017 
C         -0.59856        0.68496        1.27434 
C          2.36927        1.87619       -0.29202 
H          3.82855       -0.15785        0.60885 
H          3.11543       -2.53633        0.80235 
H          0.87849       -3.22871        0.00765 
H         -1.33139       -2.65006       -0.93790 
H         -1.58120       -0.99566       -1.68524 
A–48 
 
H          0.04083        0.85949       -1.13183 
H         -0.41574        1.74630        1.40505 
H         -0.06906       -0.00257        1.92012 
H         -4.31327        1.71934       -0.74331 
H         -3.73042        0.10349       -1.23473 
H         -4.42433        0.33347        0.38602 
N          2.69348        2.99039       -0.38811 
1 imaginary frequency 
E = -630.8884953 
H = -630.678513 
G = -630.731894 
 
 
TS-1e-away 
C          1.53262       -0.95102       -0.29880 
C          0.26436       -0.52216       -0.77509 
C         -0.00898        0.89008       -0.80953 
C          1.07663        1.80709       -0.64159 
C          2.30947        1.36184       -0.24911 
C          2.54058       -0.03827       -0.04539 
C         -0.78717       -1.43068       -0.96823 
O         -1.86390       -1.15224        0.67541 
C         -2.10019        0.09578        0.75093 
O         -3.24673        0.61504        0.20793 
C         -4.27664       -0.32461       -0.10930 
C         -1.13720        1.03123        1.13109 
H          0.90386        2.86724       -0.80130 
H          3.13056        2.05549       -0.09826 
C          3.82948       -0.48694        0.38881 
H          1.72016       -2.01286       -0.16870 
H         -0.61530       -2.49383       -0.84029 
H         -1.61561       -1.16735       -1.61541 
H         -0.88889        1.23086       -1.34688 
H         -1.40643        2.07946        1.20506 
H         -0.30418        0.68143        1.72543 
H         -5.13411        0.27570       -0.41834 
H         -3.98292       -0.99422       -0.92365 
H         -4.53863       -0.93100        0.76378 
N          4.87983       -0.84105        0.74417 
1 imaginary frequency 
E = -630.8880106 
H = -630.678087 
G = -630.731565 
 
A–49 
 
 
1f 
C          1.07615       -0.47667        0.08561 
C         -0.15299        0.17777        0.22270 
C         -0.18522        1.57456        0.28742 
C          1.00049        2.30585        0.21648 
C          2.23145        1.66086        0.08871 
C          2.24986        0.26962        0.02602 
C         -1.41236       -0.64864        0.34873 
O         -2.51975        0.11966       -0.10405 
C         -3.75399       -0.42830        0.01098 
O         -4.62420        0.51919       -0.40516 
C         -6.00173        0.17550       -0.41890 
C         -4.04940       -1.66433        0.44764 
H         -1.14012        2.08007        0.37810 
H          0.96976        3.39106        0.26083 
H          3.15635        2.22413        0.03375 
Br         3.92464       -0.63885       -0.16110 
H          1.12189       -1.55952        0.02186 
H         -1.32804       -1.57208       -0.24056 
H         -1.57984       -0.94055        1.39662 
H         -5.07152       -2.00923        0.50746 
H         -3.27697       -2.35669        0.74917 
H         -6.52396        1.05445       -0.79987 
H         -6.18938       -0.68125       -1.07798 
H         -6.36247       -0.05867        0.59060 
0 imaginary frequencies 
E = -3109.798813 
H = -3109.594803 
G = -3109.651664 
 
 
TS-1f-towards 
C          0.02536        2.71209       -0.05530 
C          0.61285        1.53785       -0.61641 
C         -0.11517        0.30334       -0.52411 
C         -1.47527        0.35382       -0.10944 
C         -2.04165        1.50813        0.36640 
C         -1.26609        2.69972        0.41147 
C          1.94912        1.50240       -1.03254 
O          2.83148        0.59562        0.54738 
C          2.19582       -0.48901        0.73222 
A–50 
 
O          2.60969       -1.64576        0.11497 
C          3.93824       -1.63592       -0.40784 
C          0.93944       -0.54697        1.32963 
H         -3.07227        1.51402        0.70518 
H         -1.71815        3.60584        0.80400 
H          0.60856        3.62903       -0.03672 
H          2.54806        2.40629       -1.01519 
H          2.28778        0.72701       -1.70922 
H          0.22253       -0.55699       -1.09064 
H          0.44161       -1.49965        1.47181 
H          0.63845        0.28528        1.95110 
H          4.12191       -2.65278       -0.76014 
H          4.04745       -0.93310       -1.24005 
H          4.66617       -1.37196        0.36688 
Br        -2.48278       -1.26927       -0.15172 
1 imaginary frequency 
E = -3109.749831 
H = -3109.54909 
G = -3109.602775 
 
 
TS-1f-away 
C         -0.81586       -0.78996        0.47244 
C          0.49382       -0.39930        0.89452 
C          0.82962        0.99540        0.86033 
C         -0.20834        1.95383        0.66883 
C         -1.47636        1.55195        0.33028 
C         -1.76096        0.16465        0.20673 
C          1.49793       -1.34548        1.11708 
O          2.54712       -1.20788       -0.64214 
C          2.82939        0.01949       -0.78569 
O          4.01902        0.51838       -0.30575 
C          5.01760       -0.45078        0.01350 
C          1.90497        0.97922       -1.19388 
H         -2.26743        2.27496        0.16239 
Br        -3.53145       -0.35500       -0.30169 
H         -1.05971       -1.84489        0.39939 
H          1.27841       -2.40513        1.04919 
H          2.37859       -1.08054        1.68960 
H          1.75720        1.31735        1.32245 
H          2.21475        2.00991       -1.32700 
H          1.01992        0.64087       -1.71479 
H          5.90872        0.12200        0.27774 
H          4.72190       -1.08221        0.85746 
H          5.23020       -1.09723       -0.84480 
A–51 
 
H          0.01818        3.01173        0.76587 
1 imaginary frequency 
E = -3109.748514 
H = -3109.547857 
G = -3109.601724 
 
 
10 
C         -0.91084        2.09085       -0.00018 
C         -0.04169        0.96538        0.00009 
C         -0.57670       -0.30313        0.00023 
C         -1.98385       -0.50624        0.00011 
C         -2.85518        0.63020       -0.00013 
C         -2.27504        1.92801       -0.00028 
C          1.44723        1.22056        0.00028 
O          2.14629       -0.01483        0.00011 
C          3.49918        0.02525        0.00010 
O          3.91257       -1.26283       -0.00018 
C          5.31266       -1.49557       -0.00048 
C          4.27408        1.12332        0.00034 
H          0.08349       -1.16415        0.00042 
C         -2.55619       -1.80657        0.00024 
C         -4.25979        0.42200       -0.00023 
H         -2.93018        2.79611       -0.00049 
H         -0.48610        3.09289       -0.00034 
H          1.73551        1.80754       -0.88503 
H          1.73533        1.80716        0.88592 
H          5.35192        1.04978        0.00033 
H          3.84701        2.11549        0.00057 
H          5.43440       -2.57988       -0.00089 
H          5.78513       -1.07059       -0.89502 
H          5.78541       -1.07124        0.89423 
C         -3.92286       -1.97658        0.00015 
H         -1.89323       -2.66857        0.00043 
H         -4.34691       -2.97717        0.00025 
C         -4.78349       -0.85177       -0.00011 
H         -4.91751        1.28837       -0.00042 
H         -5.86024       -0.99855       -0.00019 
0 imaginary frequencies 
E = -692.3382572 
H = -692.0762 
G = -692.133957 
 
A–52 
 
 
TS-10-towards 
C         -0.38308        2.28086       -0.04957 
C          0.45966        1.28404       -0.65675 
C         -0.01397       -0.05307       -0.70135 
C         -1.39336       -0.34821       -0.40469 
C         -2.21764        0.68152        0.13615 
C         -1.65959        1.99308        0.32975 
C          1.80435        1.54480       -0.95585 
O          2.74317        0.79585        0.62211 
C          2.35017       -0.41070        0.74611 
O          3.05538       -1.42619        0.13776 
C          4.38462       -1.10563       -0.26923 
C          1.11277       -0.76439        1.26193 
C         -1.94584       -1.62843       -0.62630 
C         -3.56333        0.38425        0.44775 
H         -2.29246        2.76404        0.76259 
H          0.01606        3.28350        0.08291 
H          2.19536        2.55202       -0.86128 
H          2.33631        0.90211       -1.64787 
H          0.54896       -0.79105       -1.26550 
H          0.83518       -1.80834        1.35437 
H          0.58000       -0.03711        1.85871 
H          4.81676       -2.04277       -0.62640 
H          4.40154       -0.36354       -1.07407 
H          4.97455       -0.71962        0.56944 
C         -3.26899       -1.89278       -0.32004 
H         -1.31201       -2.40950       -1.04007 
H         -3.68219       -2.88173       -0.49792 
C         -4.08165       -0.87918        0.22459 
H         -4.19169        1.16855        0.86349 
H         -5.11944       -1.09083        0.46772 
1 imaginary frequency 
E = -692.295474 
H = -692.036508 
G = -692.091786 
 
 
TS-10-away 
C          0.79386        1.45010        0.22026 
A–53 
 
C         -0.38977        0.87543        0.75147 
C         -0.42589       -0.56688        0.91492 
C          0.77725       -1.30022        0.83412 
C          1.95032       -0.71008        0.37125 
C          1.94961        0.70343        0.02653 
C         -1.54234        1.62735        0.94551 
O         -2.64992        0.98014       -0.82486 
C         -2.61130       -0.27573       -0.77004 
O         -3.64040       -0.98572       -0.18825 
C         -4.83430       -0.24620        0.06363 
C         -1.47127       -1.03723       -1.05996 
H          0.77677       -2.35659        1.09110 
C          3.17300       -1.44500        0.22105 
C          3.16357        1.29035       -0.46789 
H          0.80580        2.51615        0.00321 
H         -1.55781        2.68748        0.71850 
H         -2.35682        1.25371        1.55353 
H         -1.26280       -0.99818        1.45540 
H         -1.52308       -2.11982       -1.03244 
H         -0.70461       -0.58035       -1.67083 
H         -5.55719       -0.97290        0.44009 
H         -4.67902        0.54065        0.80893 
H         -5.21358        0.21802       -0.85316 
C          4.30480       -0.84142       -0.25036 
H          3.17689       -2.50004        0.48439 
H          5.22100       -1.41471       -0.36381 
C          4.30047        0.54648       -0.60418 
H          3.15663        2.34603       -0.72885 
H          5.21244        1.00286       -0.97885 
1 imaginary frequency 
E = -692.2797449 
H = -692.021367 
G = -692.077156 
 
 
17a 
C         -2.46912        1.03238        0.38878 
C         -2.30285        2.06143       -0.76067 
H         -2.37698        1.56474       -1.73382 
H         -3.07968        2.83393       -0.71114 
H         -1.32226        2.54659       -0.69440 
H         -2.36885        1.58681        1.33181 
C         -3.85866        0.44222        0.31507 
H         -4.68680        1.08676        0.60353 
C         -4.08237       -0.78903       -0.17320 
H         -5.09525       -1.17172       -0.27419 
C         -2.96938       -1.64387       -0.56961 
H         -3.18780       -2.60312       -1.03234 
C         -1.68734       -1.28398       -0.32989 
A–54 
 
H         -0.88255       -1.96474       -0.59101 
C         -1.35824       -0.02210        0.32628 
C         -0.14022        0.26613        0.83851 
H         -0.02685        1.22997        1.34017 
C          1.11474       -0.56044        0.79751 
H          1.44112       -0.76793        1.82906 
H          0.93699       -1.53768        0.33495 
C          2.26640        0.15207        0.05974 
H          1.96453        0.34216       -0.97923 
H          2.44164        1.13682        0.51354 
C          3.58039       -0.65225        0.07988 
H          3.39064       -1.64405       -0.35956 
H          3.89159       -0.82536        1.11879 
C          4.69078        0.02489       -0.67623 
H          4.50498        0.19477       -1.73869 
C          5.84489        0.43497       -0.14874 
H          6.07475        0.28989        0.90531 
H          6.60661        0.92766       -0.74733 
0 imaginary frequencies 
E = -506.1597191 
H = -505.86986 
G = -505.926841 
 
 
TS-17a 
C          2.68324        0.46595       -0.11551 
C          1.33596        0.74101        0.37815 
C          0.44568       -0.42354        0.58367 
C          0.85934       -1.66207       -0.01987 
C          2.08986       -1.82133       -0.59664 
C          3.03098       -0.74588       -0.62787 
C          1.22721        1.92222        1.34737 
C         -0.83296       -0.20687        1.08509 
C         -1.64737        1.19043       -0.70799 
C         -0.54489        1.65816       -1.41735 
H         -0.25450        1.15320       -2.33956 
H         -0.31199        2.72192       -1.38616 
C         -2.52364        0.02664       -1.09213 
H         -2.10702        1.88342       -0.00240 
H          0.65329        1.21664       -0.63241 
C         -1.97343       -1.19097        1.04537 
H         -0.98317        0.64850        1.73580 
H          0.19802       -2.52068        0.03813 
H          2.37276       -2.78957       -1.00244 
H          4.02340       -0.90986       -1.03977 
H          3.39910        1.28561       -0.11259 
H          1.96010        2.69433        1.08906 
H          0.23755        2.38877        1.32096 
H          1.42191        1.60444        2.37877 
A–55 
 
H         -2.35834       -1.38515        2.05575 
C         -3.11606       -0.64868        0.15154 
H         -1.64846       -2.15672        0.64697 
H         -3.34343        0.38350       -1.73625 
H         -1.94998       -0.69527       -1.68917 
H         -3.69800        0.09705        0.71163 
H         -3.81466       -1.45054       -0.11921 
1 imaginary frequency 
E = -506.1257408 
H = -505.840878 
G = -505.890681 
 
 
18a 
C         -1.91568       -0.02811       -0.33081 
C         -3.11407       -0.97261       -0.18434 
C         -4.43926       -0.24882       -0.11136 
C         -4.52139        1.04993        0.22159 
C         -3.31378        1.83847        0.43721 
C         -2.08765        1.33160        0.17237 
C         -2.95769       -1.85284        1.08404 
C         -0.76760       -0.49064       -0.87544 
C          0.55132        0.21525       -1.02565 
C          1.69878       -0.50855       -0.29218 
C          3.06298        0.16089       -0.49893 
C          4.20966       -0.56441        0.23116 
H         -2.92106       -1.22759        1.98233 
H         -3.79986       -2.54793        1.18566 
H         -2.02967       -2.43347        1.02970 
H         -3.12791       -1.65267       -1.04688 
H         -5.33790       -0.84345       -0.26419 
H         -5.48797        1.53662        0.32858 
H         -3.41551        2.86443        0.78223 
H         -1.21083        1.96059        0.29474 
H         -0.77355       -1.51634       -1.25168 
H          0.80655        0.27152       -2.09602 
H          0.49423        1.25147       -0.67481 
H          1.46595       -0.55244        0.78068 
H          1.74789       -1.55185       -0.63680 
H          3.02119        1.20283       -0.15278 
H          3.28807        0.20528       -1.57472 
C          5.55286        0.06889       -0.01029 
H          4.00251       -0.59223        1.30924 
H          4.23335       -1.61143       -0.10962 
C          6.34228        0.58703        0.93129 
H          5.87851        0.10538       -1.05196 
H          7.30147        1.03860        0.69185 
H          6.06000        0.57637        1.98253 
0 imaginary frequencies 
A–56 
 
E = -545.4734635 
H = -545.153586 
G = -545.214026 
 
 
TS-18a 
C          2.97679        0.63501        0.07089 
C          1.57564        0.71795        0.50380 
C          0.78275       -0.52907        0.36630 
C          1.37120       -1.63545       -0.33269 
C          2.66094       -1.60528       -0.78648 
C          3.48009       -0.44901       -0.57717 
C          1.37300        1.57829        1.76376 
C         -0.57477       -0.47365        0.65962 
C         -1.23889        0.90106       -1.06531 
C         -0.27874        1.90055       -1.20206 
H          0.37671        1.89437       -2.07132 
H         -0.45843        2.88368       -0.76695 
H         -1.17923        0.07318       -1.77156 
C         -2.63102        1.14866       -0.51049 
H          0.94053        1.40384       -0.34341 
C         -1.56531       -1.60736        0.52805 
H         -0.88832        0.28965        1.36632 
H          0.77700       -2.53447       -0.47243 
H          3.08090       -2.47247       -1.28997 
H          4.51244       -0.45670       -0.91810 
H          3.60983        1.50056        0.25773 
H          1.99003        2.48226        1.70459 
H          0.33602        1.90274        1.88488 
H          1.66702        1.02820        2.66521 
C         -3.00957       -1.11605        0.71716 
H         -1.47039       -2.10132       -0.44882 
H         -1.35538       -2.38448        1.28019 
C         -3.48510       -0.12182       -0.35224 
H         -2.57486        1.69405        0.44232 
H         -3.15832        1.82245       -1.20394 
H         -4.51740        0.17448       -0.12380 
H         -3.52577       -0.63462       -1.32494 
H         -3.68851       -1.97876        0.72550 
H         -3.09592       -0.64951        1.70972 
1 imaginary frequency 
E = -545.4353745 
H = -545.120285 
G = -545.172879 
 
 
17b 
A–57 
 
C          1.21006       -0.60689        0.90960 
C          2.37878        0.13539        0.23264 
C          3.69032       -0.67751        0.27311 
C          4.81345        0.01450       -0.35997 
C         -0.04825        0.21535        0.94017 
C         -1.23600       -0.04154        0.34678 
C         -2.35465        1.00384        0.41988 
C         -3.73490        0.41715        0.23228 
C         -3.92557       -0.77928       -0.34777 
C         -2.78805       -1.60317       -0.73965 
C         -1.52259       -1.25764       -0.40848 
C         -2.13379        2.10724       -0.64875 
H         -2.15467        1.67606       -1.65512 
H         -2.91626        2.87319       -0.58874 
H         -1.16073        2.58908       -0.49989 
H         -2.30817        1.49433        1.40166 
H         -4.58064        1.03987        0.51748 
H         -4.92934       -1.15630       -0.52870 
H         -2.97578       -2.52945       -1.27700 
H         -0.70147       -1.91727       -0.67295 
H          0.03550        1.14489        1.50760 
H          1.50442       -0.84977        1.94310 
H          1.04890       -1.56736        0.40751 
H          2.12067        0.35723       -0.80950 
H          2.54213        1.10208        0.72540 
H          3.53405       -1.64745       -0.22027 
H          3.94442       -0.90688        1.31787 
C          5.72776        0.60253       -0.88621 
H          6.53750        1.11790       -1.35025 
0 imaginary frequencies 
E = -504.9055735 
H = -504.64009 
G = -504.696604 
 
 
TS-17b 
C          3.08345       -0.65802       -0.63426 
C          2.68155        0.55529       -0.17737 
C          1.31945        0.80202        0.32181 
C          0.46852       -0.40477        0.50320 
C          0.94985       -1.65499       -0.01879 
C          2.19619       -1.78268       -0.56095 
C          1.24325        1.91434        1.38215 
C         -0.84046       -0.20968        0.91201 
C         -1.97755       -1.19089        0.92527 
C         -3.21559       -0.47319        0.35351 
C         -2.85272        0.15172       -1.00390 
C         -1.58016        0.90981       -0.98872 
C         -0.68516        1.68712       -1.37035 
A–58 
 
H         -0.37979        2.47733       -2.03263 
H          0.64994        1.31130       -0.60550 
H         -1.05514        0.69738        1.47099 
H          0.31405       -2.53189        0.06478 
H          2.53551       -2.75205       -0.91754 
H          4.08504       -0.79334       -1.03477 
H          3.36500        1.40202       -0.20266 
H          0.23973        2.34050        1.46113 
H          1.54090        1.54029        2.36874 
H          1.92137        2.73284        1.11486 
H         -2.19579       -1.54099        1.94465 
H         -1.75441       -2.07763        0.32100 
H         -3.66371        0.80422       -1.35557 
H         -2.75413       -0.64911       -1.75128 
H         -3.52612        0.31934        1.04732 
H         -4.06605       -1.15666        0.24471 
1 imaginary frequency 
E = -504.8727696 
H = -504.612146 
G = -504.661955 
 
 
17c 
C          1.22979       -0.56074        0.93196 
C          2.38110        0.16631        0.20988 
C          3.69706       -0.63803        0.27233 
C          4.80674        0.03963       -0.40421 
C         -0.03543        0.25199        0.94339 
C         -1.21919       -0.03242        0.35458 
C         -2.34967        1.00126        0.40528 
C         -3.72275        0.39767        0.22168 
C         -3.89933       -0.81276       -0.33306 
C         -2.75172       -1.63311       -0.70152 
C         -1.49075       -1.26765       -0.37478 
C         -2.13557        2.08897       -0.68093 
H         -2.14777        1.64129       -1.68015 
H         -2.92626        2.84723       -0.63633 
H         -1.16858        2.58385       -0.53582 
H         -2.31303        1.50849        1.37886 
H         -4.57545        1.01900        0.48818 
H         -4.89823       -1.20309       -0.51170 
H         -2.92774       -2.57266       -1.21934 
H         -0.66274       -1.92463       -0.62386 
H          0.03887        1.19423        1.49023 
H          1.53948       -0.75907        1.97023 
H          1.07193       -1.54143        0.46971 
H          2.10917        0.34066       -0.83722 
H          2.54170        1.15290        0.66115 
H          3.56162       -1.62521       -0.18798 
A–59 
 
H          3.98406       -0.81542        1.31682 
N          5.67303        0.59243       -0.94433 
0 imaginary frequencies 
E = -521.0073497 
H = -520.752327 
G = -520.808345 
 
 
TS-17c 
C          3.11238       -0.64661       -0.58185 
C          2.67451        0.58637       -0.20977 
C          1.30577        0.82930        0.26064 
C          0.47434       -0.37800        0.48867 
C          0.98398       -1.64194        0.06416 
C          2.25120       -1.77761       -0.44140 
C          1.18729        2.00297        1.25321 
C         -0.87741       -0.16124        0.80887 
C         -1.98108       -1.19073        0.87447 
C         -3.24426       -0.49578        0.32590 
C         -2.84807        0.20844       -0.97895 
C         -1.47086        0.80650       -0.85750 
N         -0.71285        1.56735       -1.39913 
H          0.64788        1.27305       -0.68719 
H         -1.08114        0.70472        1.43929 
H          0.36392       -2.52516        0.18776 
H          2.61591       -2.76236       -0.72291 
H          4.12004       -0.78433       -0.96476 
H          3.33673        1.44630       -0.28529 
H          1.84735        2.81963        0.94183 
H          0.17332        2.40835        1.29015 
H          1.48099        1.69744        2.26415 
H         -2.15325       -1.55065        1.89725 
H         -1.74593       -2.06484        0.25592 
H         -3.55927        0.98606       -1.27669 
H         -2.80251       -0.51717       -1.80232 
H         -3.59395        0.24785        1.05392 
H         -4.06689       -1.20038        0.16418 
1 imaginary frequency 
E = -520.9714757 
H = -520.721013 
G = -520.769875 
 
 
17d 
C         -1.33573       -0.01984        0.34202 
C         -2.45921        1.02217        0.38198 
A–60 
 
C         -3.84046        0.41874        0.27388 
C         -4.04084       -0.81511       -0.21772 
C         -2.91026       -1.65908       -0.58604 
C         -1.63746       -1.28612       -0.31884 
C         -2.27699        2.05696       -0.76008 
C         -0.13156        0.28350        0.87789 
C          1.13075       -0.53302        0.86299 
C          2.27412        0.17087        0.10344 
C          3.59609       -0.62018        0.15416 
C          4.67498        0.04325       -0.67079 
O          5.73397        0.44090       -0.23827 
H         -2.32427        1.56341       -1.73647 
H         -3.06238        2.82133       -0.72510 
H         -1.30336        2.55203       -0.66970 
H         -2.38703        1.57425        1.32886 
H         -4.68111        1.05614        0.54092 
H         -5.04708       -1.20758       -0.34313 
H         -3.10821       -2.62127       -1.05182 
H         -0.82085       -1.95955       -0.56159 
H         -0.03724        1.24902        1.37967 
H          1.46000       -0.70724        1.89897 
H          0.96411       -1.52410        0.42688 
H          1.97051        0.32332       -0.94098 
H          2.43461        1.17053        0.52869 
H          3.42734       -1.62760       -0.25727 
H          3.95930       -0.72741        1.18176 
H          4.42336        0.16469       -1.75083 
0 imaginary frequencies 
E = -542.0819314 
H = -541.816334 
G = -541.873497 
 
 
TS-17d 
C          2.96856       -0.90399       -0.56534 
C          2.67505        0.37829       -0.21440 
C          1.35233        0.77126        0.26704 
C          0.40417       -0.31503        0.59766 
C          0.75917       -1.63355        0.16833 
C          1.98562       -1.91887       -0.37521 
C          1.31592        2.06371        1.09648 
C         -0.88841        0.03818        1.03105 
C         -2.04443       -0.93885        1.16207 
C         -3.10689       -0.63180        0.07262 
C         -2.37151       -0.09932       -1.15941 
C         -1.50220        1.06836       -0.71758 
O         -0.50510        1.48814       -1.39890 
H         -2.06097        1.82497       -0.13454 
H          0.70337        1.11353       -0.74089 
A–61 
 
H         -0.95625        0.92099        1.65994 
H          0.06049       -2.44732        0.32945 
H          2.22268       -2.94497       -0.64602 
H          3.94241       -1.16318       -0.97087 
H          3.41835        1.16334       -0.33470 
H          2.08260        2.75862        0.73863 
H          0.35440        2.57514        1.01235 
H          1.51224        1.86046        2.15596 
H         -2.49130       -0.87497        2.16130 
H         -1.70519       -1.97262        1.04650 
H         -3.07804        0.24579       -1.92790 
H         -1.73423       -0.86353       -1.62107 
H         -3.79682        0.14162        0.43709 
H         -3.71722       -1.51335       -0.15387 
1 imaginary frequency 
E = -542.0532856 
H = -541.7918 
G = -541.840889 
 
 
17e 
C         -1.34672       -0.02226        0.33123 
C         -2.46188        1.02810        0.38653 
C         -3.84871        0.43397        0.29735 
C         -4.06399       -0.79723       -0.19472 
C         -2.94450       -1.64811       -0.58099 
C         -1.66587       -1.28456       -0.32905 
C         -2.28799        2.06164       -0.75779 
C         -0.13400        0.27007        0.85367 
C          1.12310       -0.55373        0.82277 
C          2.27391        0.15698        0.08181 
C          3.58894       -0.64467        0.11817 
C          4.68970        0.02996       -0.65230 
N          5.76226        0.41858       -0.08535 
H         -2.35145        1.56817       -1.73334 
H         -3.06766        2.83147       -0.71282 
H         -1.30972        2.54983       -0.68045 
H         -2.37268        1.57957        1.33235 
H         -4.68149        1.07579        0.57836 
H         -5.07461       -1.18277       -0.30645 
H         -3.15545       -2.60770       -1.04647 
H         -0.85680       -1.96287       -0.58325 
H         -0.02753        1.23348        1.35743 
H          1.44878       -0.75186        1.85588 
H          0.94985       -1.53476        0.36668 
H          1.97299        0.33685       -0.95944 
H          2.44373        1.14515        0.52993 
H          3.41248       -1.64105       -0.31575 
H          3.92871       -0.78616        1.15002 
A–62 
 
H          4.48780        0.17231       -1.72705 
H          6.38537        0.86349       -0.76837 
0 imaginary frequencies 
E = -522.204381 
H = -521.925821 
G = -521.982733 
 
 
TS-17e 
C          2.89974       -0.94785       -0.61777 
C          2.65081        0.32584       -0.20694 
C          1.34849        0.73731        0.30598 
C          0.37953       -0.33124        0.63506 
C          0.69093       -1.64618        0.13818 
C          1.88961       -1.94352       -0.45129 
C          1.36238        2.00404        1.16795 
C         -0.87201        0.00682        1.14914 
C         -2.05280       -0.93415        1.20599 
C         -3.02346       -0.67841        0.01291 
C         -2.25319       -0.11626       -1.18718 
C         -1.55384        1.15731       -0.78924 
N         -0.47350        1.61361       -1.41220 
H         -0.34581        2.60508       -1.19389 
H         -2.17833        1.85236       -0.21529 
H          0.67289        1.11109       -0.75453 
H         -0.95457        0.91733        1.73375 
H         -0.02558       -2.44692        0.28842 
H          2.08936       -2.96311       -0.77234 
H          3.85863       -1.21662       -1.05225 
H          3.41695        1.09245       -0.30638 
H          2.10709        2.71360        0.79044 
H          0.39599        2.51661        1.17618 
H          1.62114        1.77033        2.20820 
H         -2.59428       -0.81131        2.15160 
H         -1.72571       -1.97835        1.18171 
H         -2.95130        0.10323       -2.00992 
H         -1.51842       -0.83064       -1.57724 
H         -3.78114        0.05836        0.31394 
H         -3.56950       -1.59103       -0.25377 
1 imaginary frequency 
E = -522.1720883 
H = -521.898489 
G = -521.947939 
 
 
18b 
A–63 
 
C         -1.98315       -1.31776       -0.25839 
C         -1.79766        0.00172        0.33826 
C         -3.00204        0.94953        0.30283 
C         -4.32767        0.22923        0.20896 
C         -4.41774       -1.04080       -0.21893 
C         -3.21577       -1.80747       -0.52525 
C         -0.63244        0.42849        0.87572 
C          0.69196       -0.28138        0.92707 
C          1.80291        0.48234        0.17783 
C          3.17333       -0.19496        0.28951 
C          4.27619        0.57691       -0.46580 
C          5.59215       -0.05599       -0.36782 
C         -2.88313        1.93127       -0.89299 
H         -2.87310        1.38248       -1.84057 
H         -3.72782        2.63041       -0.91196 
H         -1.95393        2.50773       -0.81810 
H         -2.99302        1.55715        1.21800 
H         -5.22232        0.80812        0.43028 
H         -5.38647       -1.52055       -0.33680 
H         -3.32602       -2.80545       -0.94216 
H         -1.10982       -1.93348       -0.45207 
H         -0.62661        1.42415        1.32528 
H          0.99813       -0.39257        1.97932 
H          0.61870       -1.29788        0.52537 
H          1.52015        0.57842       -0.87964 
H          1.86705        1.50720        0.57168 
H          3.11989       -1.21734       -0.10636 
H          3.46108       -0.28647        1.34484 
H          3.99492        0.67145       -1.52428 
H          4.33479        1.60302       -0.07572 
C          6.66993       -0.59321       -0.27595 
H          7.62328       -1.06393       -0.19746 
0 imaginary frequencies 
E = -544.2194197 
H = -543.923917 
G = -543.983666 
 
 
TS-18b 
C          3.41819       -0.53691       -0.68302 
C          2.98524        0.57399       -0.03456 
C          1.60011        0.72232        0.43230 
C          0.75330       -0.49631        0.39130 
C          1.26785       -1.62723       -0.34059 
C          2.53284       -1.65245       -0.85211 
C          1.43759        1.67447        1.62532 
C         -0.55471       -0.42809        0.83925 
C         -1.55883       -1.55197        0.74632 
C         -3.01601       -1.08200        0.62568 
A–64 
 
C         -3.31604       -0.28012       -0.64668 
C         -2.76377        1.15770       -0.64671 
C         -1.30188        1.34411       -0.76370 
C         -0.27235        1.94091       -1.12635 
H          0.96820        1.34995       -0.46006 
H         -0.80516        0.33820        1.56757 
H          0.64484       -2.50976       -0.44361 
H          2.88894       -2.54036       -1.36869 
H          4.43663       -0.59867       -1.05813 
H          3.65681        1.41661        0.11892 
H          2.12676        2.52095        1.52870 
H          0.42582        2.08347        1.68499 
H          1.66252        1.16324        2.56881 
H         -1.33996       -2.19835       -0.11119 
H         -1.47546       -2.19264        1.63979 
H         -3.10126        1.65628        0.27435 
H         -3.22975        1.71393       -1.47448 
H         -4.40417       -0.20522       -0.76987 
H         -2.93929       -0.81956       -1.52608 
H         -3.66539       -1.96697        0.64727 
H         -3.28979       -0.48115        1.50594 
H          0.17051        2.71963       -1.72280 
1 imaginary frequency 
E = -544.1806174 
H = -543.890121 
G = -543.943094 
 
 
18c 
C         -1.96857       -1.31416       -0.25503 
C         -1.78253        0.00530        0.34149 
C         -2.98513        0.95511        0.30274 
C         -4.31185        0.23821        0.20162 
C         -4.40313       -1.03178       -0.22593 
C         -3.20139       -1.80108       -0.52593 
C         -0.61857        0.43126        0.88226 
C          0.70316       -0.28365        0.93912 
C          1.81375        0.46782        0.17716 
C          3.18119       -0.21469        0.29693 
C          4.27835        0.54987       -0.47376 
C          5.59412       -0.08814       -0.36914 
C         -2.85911        1.93880       -0.89090 
H         -2.84599        1.39188       -1.83950 
H         -3.70247        2.63927       -0.91204 
H         -1.92946        2.51382       -0.81069 
H         -2.97898        1.56093        1.21904 
H         -5.20590        0.81983        0.41777 
H         -5.37224       -1.50925       -0.34876 
H         -3.31193       -2.79917       -0.94241 
A–65 
 
H         -1.09644       -1.93264       -0.44539 
H         -0.61175        1.42691        1.33140 
H          1.01224       -0.38378        1.99147 
H          0.62494       -1.30407        0.54882 
H          1.52972        0.54992       -0.88094 
H          1.88277        1.49713        0.55776 
H          3.12441       -1.24097       -0.08656 
H          3.47186       -0.29114        1.35204 
H          4.01348        0.62520       -1.53616 
H          4.36058        1.57746       -0.09714 
N          6.62764       -0.60834       -0.27465 
0 imaginary frequencies 
E = -560.3212791 
H = -560.036236 
G = -560.095462 
 
 
TS-18c 
C          2.53136       -1.71178       -0.71376 
C          3.41178       -0.58813       -0.66391 
C          2.97957        0.57652       -0.11065 
C          1.60455        0.75963        0.36225 
C          0.74982       -0.44779        0.40362 
C          1.25970       -1.63792       -0.21008 
C          1.45582        1.80014        1.48535 
C         -0.59357       -0.30754        0.78707 
C         -1.58107       -1.45889        0.78210 
C         -3.04552       -1.01478        0.66314 
C         -3.33744       -0.27412       -0.64593 
C         -2.68553        1.11308       -0.72616 
C         -1.18806        1.15970       -0.71004 
N         -0.30121        1.82313       -1.17040 
H          0.97852        1.32622       -0.55369 
H         -0.80690        0.44000        1.55052 
H          0.63755       -2.52660       -0.23142 
H          2.88650       -2.64743       -1.13881 
H          4.42404       -0.67931       -1.04845 
H          3.64801        1.43239       -0.04398 
H          2.14477        2.63451        1.31592 
H          0.44756        2.21902        1.52397 
H          1.68979        1.36154        2.46252 
H         -1.36932       -2.14143       -0.04915 
H         -1.46391       -2.05118        1.70337 
H         -3.02673        1.71545        0.12796 
H         -3.01387        1.63891       -1.63098 
H         -4.42004       -0.13546       -0.75930 
H         -3.01130       -0.88551       -1.49837 
H         -3.69060       -1.90006        0.73018 
H         -3.31422       -0.37174        1.51450 
A–66 
 
1 imaginary frequency 
E = -560.2813509 
H = -560.001046 
G = -560.052712 
 
 
18d 
C         -2.07965       -1.32260       -0.20515 
C         -1.89988        0.02198        0.33457 
C         -3.09691        0.97317        0.22553 
C         -4.42461        0.25585        0.13907 
C         -4.51316       -1.03269       -0.22971 
C         -3.30931       -1.81816       -0.47484 
C         -0.74622        0.46713        0.88180 
C          0.57104       -0.24805        1.00164 
C          1.70906        0.48060        0.25854 
C          3.07317       -0.19684        0.44180 
C          4.20685        0.52924       -0.30820 
C          5.55464       -0.09908       -0.03663 
O          6.29640       -0.54670       -0.88267 
C         -2.94654        1.89202       -1.01601 
H         -2.91798        1.29526       -1.93372 
H         -3.78739        2.59205       -1.08965 
H         -2.01667        2.46843       -0.94993 
H         -3.10339        1.62618        1.10880 
H         -5.32015        0.84915        0.31340 
H         -5.48180       -1.51310       -0.34510 
H         -3.41635       -2.83372       -0.84776 
H         -1.20613       -1.95085       -0.35238 
H         -0.74550        1.48199        1.28601 
H          0.84345       -0.32039        2.06672 
H          0.50274       -1.27866        0.63683 
H          1.46332        0.53468       -0.81037 
H          1.76855        1.51986        0.61278 
H          3.01751       -1.23655        0.09161 
H          3.31533       -0.24472        1.51345 
H          4.03540        0.53228       -1.38971 
H          4.24947        1.57522        0.03393 
H          5.83751       -0.13889        1.04201 
0 imaginary frequencies 
E = -581.3957335 
H = -581.100132 
G = -581.160643 
 
 
TS-18d 
A–67 
 
C         -3.46772        0.53794       -0.57122 
C         -2.99004       -0.61634       -0.03430 
C         -1.59577       -0.77143        0.39992 
C         -0.76133        0.45745        0.37130 
C         -1.32033        1.64016       -0.20542 
C         -2.61600        1.68276       -0.65078 
C         -1.41614       -1.74722        1.58087 
C          0.61273        0.33274        0.64465 
C          1.58360        1.49859        0.65857 
C          3.03858        1.01730        0.76641 
C          3.46333        0.13847       -0.41778 
C          2.57570       -1.09572       -0.62515 
C          1.12518       -0.77907       -1.00529 
O          0.30855       -1.75378       -1.12963 
H          1.03756        0.06842       -1.71618 
H         -0.99599       -1.34027       -0.48285 
H          0.88102       -0.45461        1.34614 
H         -0.71008        2.53637       -0.25817 
H         -3.01150        2.60917       -1.06049 
H         -4.49387        0.60706       -0.92125 
H         -3.63830       -1.48536        0.05699 
H         -0.39685       -2.13389        1.63380 
H         -1.66343       -1.26530        2.53395 
H         -2.08110       -2.60823        1.45435 
H          1.47334        2.10208       -0.25283 
H          1.35873        2.17111        1.50018 
H          2.57873       -1.74676        0.25812 
H          2.97930       -1.70020       -1.45067 
H          4.50298       -0.18488       -0.27982 
H          3.45250        0.74426       -1.33617 
H          3.70685        1.88479        0.83881 
H          3.16103        0.45267        1.70239 
1 imaginary frequency 
E = -581.3691961 
H = -581.076892 
G = -581.128467 
 
 
18e 
C          2.08379        1.32729       -0.19207 
C          1.90712       -0.02432        0.33092 
C          3.10578       -0.97179        0.20800 
C          4.43203       -0.25033        0.13256 
C          4.51770        1.04306       -0.21972 
C          3.31226        1.82898       -0.45582 
C          0.75491       -0.47790        0.87429 
C         -0.56385        0.23229        1.00542 
C         -1.70633       -0.49818        0.27105 
C         -3.07125        0.17381        0.46542 
A–68 
 
C         -4.20898       -0.55491       -0.27482 
C         -5.55098        0.07673       -0.02777 
N         -6.24822        0.56214       -0.97686 
C          2.95747       -1.87229       -1.04709 
H          2.92765       -1.26177       -1.95566 
H          3.79978       -2.56946       -1.13129 
H          2.02867       -2.45137       -0.98986 
H          3.11321       -1.63782        1.08150 
H          5.32898       -0.84351        0.30015 
H          5.48540        1.52717       -0.32803 
H          3.41720        2.84925       -0.81636 
H          1.20854        1.95492       -0.33135 
H          0.75703       -1.49777        1.26596 
H         -0.82751        0.30188        2.07303 
H         -0.50195        1.26394        0.64232 
H         -1.46905       -0.55027       -0.80004 
H         -1.75849       -1.53842        0.62409 
H         -3.02414        1.21349        0.11364 
H         -3.30315        0.22230        1.53975 
H         -4.02718       -0.56351       -1.35499 
H         -4.24347       -1.60112        0.06652 
H         -5.86921        0.09738        1.02811 
H         -7.12280        0.95508       -0.61170 
0 imaginary frequencies 
E = -561.5181232 
H = -561.20955 
G = -561.26987 
 
 
TS-18e 
C         -3.46582        0.43217       -0.53748 
C         -2.94226       -0.66791        0.06868 
C         -1.54308       -0.74321        0.49910 
C         -0.76155        0.51124        0.38580 
C         -1.36791        1.63777       -0.25905 
C         -2.66348        1.60598       -0.70011 
C         -1.31745       -1.64770        1.72700 
C          0.60912        0.44091        0.63750 
C          1.60952        1.57332        0.56392 
C          3.04084        1.03342        0.73216 
C          3.46572        0.02543       -0.34892 
C          2.52677       -1.17839       -0.54376 
C          1.16264       -0.78620       -1.09028 
N          0.22282       -1.72044       -1.28347 
H         -0.38754       -1.41235       -2.04751 
H          1.20439        0.07165       -1.77283 
H         -0.89325       -1.40343       -0.35417 
H          0.91585       -0.34321        1.32434 
A–69 
 
H         -0.78463        2.54773       -0.37128 
H         -3.09888        2.48743       -1.16458 
H         -4.49789        0.43782       -0.87809 
H         -3.56098       -1.54956        0.22429 
H         -1.94584       -2.54157        1.64994 
H         -0.28322       -1.99115        1.80416 
H         -1.58185       -1.12658        2.65451 
H          1.52488        2.11682       -0.38719 
H          1.41370        2.31395        1.35518 
H          2.41849       -1.76024        0.38018 
H          2.98235       -1.86280       -1.27485 
H          4.47297       -0.34207       -0.11420 
H          3.55434        0.55204       -1.31124 
H          3.75082        1.87049        0.73972 
H          3.11829        0.55713        1.72052 
1 imaginary frequency 
E = -561.4811337 
H = -561.177008 
G = -561.229136 
 
 
TS-26 
C         -1.56471        1.55320       -1.16789 
C         -1.77435        2.79113       -0.62961 
C         -1.15300        3.12373        0.61113 
C         -0.35911        2.22412        1.26931 
C         -0.11170        0.90229        0.75722 
C         -0.65777        0.59698       -0.57166 
C          0.82709        0.06737        1.35428 
C         -0.81717       -0.86908       -1.00247 
C         -1.76641       -1.65686       -0.11742 
O         -1.44115       -2.55972        0.62527 
O         -3.03902       -1.21994       -0.24500 
C         -4.00200       -1.87307        0.59622 
O          1.80928        0.78738       -1.30579 
C          2.49030        0.58493       -0.22997 
N          3.37464       -0.46677       -0.16402 
C          4.04655       -0.71058        1.09841 
C          3.14973       -1.62685       -1.00841 
H          0.59282        0.84570       -1.10908 
H         -2.05598        1.27381       -2.09739 
H         -2.41783        3.51195       -1.12535 
H         -1.32888        4.10419        1.04797 
H          0.07913        2.48532        2.23008 
H          1.26486        0.36687        2.30380 
H          0.82185       -1.00026        1.16326 
H          0.13628       -1.40009       -0.98930 
A–70 
 
H         -1.19683       -0.89070       -2.03031 
H         -4.95666       -1.39450        0.37526 
H         -4.04730       -2.94254        0.37245 
H         -3.74182       -1.74261        1.65004 
H          5.00337       -1.21027        0.91540 
H          4.24626        0.24071        1.60027 
H          3.44416       -1.33950        1.77258 
H          4.09523       -2.16099       -1.14542 
H          2.41803       -2.32288       -0.56499 
H          2.77781       -1.29350       -1.97738 
H          2.76529        1.43110        0.40560 
1 imaginary frequency 
E = -787.1659338 
H = -786.847172 
G = -786.913667 
 
 
DMF 
C         -0.66629        1.63532        0.00000 
N          0.00000        0.34903        0.00000 
C         -0.69712       -0.82580        0.00000 
O         -0.20865       -1.94351        0.00000 
C          1.45243        0.33324        0.00000 
H         -1.79195       -0.65447        0.00000 
H          1.77690       -0.70789        0.00000 
H          1.84642        0.84057        0.89040 
H          1.84642        0.84057       -0.89040 
H         -1.75011        1.48754        0.00000 
H         -0.39631        2.22099       -0.88926 
H         -0.39631        2.22099        0.88926 
0 imaginary frequencies 
E = -248.5122481 
H = -248.40217 
G = -248.438272 
 
 
TS-27 
C          1.26535        2.47763        0.65677 
C          1.30946        1.33414        1.41851 
C          0.80455        0.08621        0.94100 
C          0.31551        0.05332       -0.45387 
C          0.23669        1.30717       -1.17417 
C          0.73297        2.47442       -0.66269 
C          1.06792       -1.13794        1.60359 
C         -0.70829       -1.03026       -0.86057 
A–71 
 
C         -2.03316       -0.87987       -0.13576 
O         -2.43358       -1.60684        0.74763 
O         -2.71896        0.19587       -0.58633 
C         -3.96435        0.45497        0.08135 
H          1.39508       -0.61565       -0.81807 
H         -0.21685        1.29528       -2.16252 
H          0.70347        3.39386       -1.23932 
H          1.63842        3.40979        1.07527 
H          1.70856        1.36835        2.42909 
H          1.54356       -1.07482        2.58144 
H          0.32577       -1.93289        1.53224 
H         -0.33030       -2.03167       -0.65036 
H         -0.88041       -0.95529       -1.93961 
H         -4.37010        1.34967       -0.39195 
H         -4.64901       -0.38873       -0.04060 
H         -3.79917        0.62558        1.14848 
O          2.30862       -1.63862       -0.66752 
C          3.61412       -1.08263       -0.71106 
H          3.66068       -0.08942       -0.23890 
H          4.31990       -1.74272       -0.18908 
H          3.93126       -0.98494       -1.75609 
H          1.92598       -1.57268        0.49123 
1 imaginary frequency 
E = -654.3623385 
H = -654.100939 
G = -654.161281 
 
 
TS-27, implicit DMF (SMD) 
C          0.78699        2.56403        0.67159 
C          1.02948        1.42656        1.41350 
C          0.79551        0.13935        0.87911 
C          0.36649        0.02423       -0.54831 
C          0.09632        1.28918       -1.25359 
C          0.32854        2.50057       -0.67843 
C          1.23210       -1.06598        1.51863 
C         -0.63125       -1.11910       -0.89521 
C         -1.94469       -1.01589       -0.14537 
O         -2.31082       -1.78952        0.71836 
O         -2.66430        0.04865       -0.54505 
C         -3.92114        0.25312        0.13295 
H          1.35687       -0.43806       -0.93728 
H         -0.28288        1.22432       -2.27013 
H          0.15184        3.42141       -1.22605 
H          0.94815        3.53841        1.12598 
H          1.38430        1.50865        2.43732 
H          1.65878       -0.93793        2.51521 
A–72 
 
H          0.53852       -1.91067        1.47489 
H         -0.19016       -2.08881       -0.66569 
H         -0.82644       -1.08209       -1.97201 
H         -4.35657        1.14466       -0.31962 
H         -4.58080       -0.60611       -0.01371 
H         -3.75919        0.41287        1.20231 
O          2.71613       -1.61575       -0.62150 
C          3.79331       -0.74198       -0.56017 
H          3.61565        0.13156        0.10537 
H          4.71230       -1.22992       -0.17398 
H          4.04672       -0.31793       -1.55195 
H          2.06485       -1.44181        0.64667 
1 imaginary frequency 
E = -654.3783549 
H = -654.115828 
G = -654.175397 
 
 
MeOH 
C          0.04690        0.66070        0.00000 
O          0.04690       -0.75748        0.00000 
H         -0.87631       -1.05078        0.00000 
H         -0.43728        1.08587        0.89321 
H          1.09428        0.97471        0.00000 
H         -0.43728        1.08587       -0.89321 
0 imaginary frequencies 
E = -115.7144071 
H = -115.658696 
G = -115.685653 
 
 
MeOH, implicit DMF (SMD) 
C          0.04784        0.66286        0.00000 
O          0.04784       -0.76071        0.00000 
H         -0.88181       -1.04211        0.00000 
H         -0.44100        1.08302        0.89225 
H          1.09399        0.98458        0.00000 
H         -0.44100        1.08302       -0.89225 
0 imaginary frequencies 
E = -115.7190684 
H = -115.663573 
G = -115.690606 
 
 
TS-28 
C          0.69365        2.44633       -1.10779 
A–73 
 
C          1.02901        2.75800        0.24640 
C          0.86391        1.84855        1.25495 
C          0.33241        0.51382        1.03193 
C          0.09997        0.16386       -0.38944 
C          0.19842        1.19791       -1.38177 
C          0.21835       -0.39331        2.06437 
C         -0.78186       -1.04255       -0.69812 
C         -2.20379       -0.96665       -0.15258 
O         -2.82681        0.16481       -0.54440 
C         -4.16416        0.33062       -0.05248 
O         -2.73259       -1.81844        0.53092 
N          2.44390       -1.15609       -0.02200 
C          3.60559       -0.24741       -0.02950 
H          1.46052       -0.53673       -0.44290 
H         -0.09922        0.94750       -2.40002 
H          0.81216        3.18984       -1.89009 
H          1.40265        3.75252        0.48496 
H          1.07949        2.13488        2.28297 
H          0.45417       -0.08642        3.08015 
H         -0.33271       -1.32234        1.96072 
H         -0.37682       -1.97789       -0.29263 
H         -0.85559       -1.16429       -1.78719 
H         -4.50274        1.29139       -0.44205 
H         -4.81056       -0.47751       -0.40717 
H         -4.17173        0.33530        1.04070 
H          3.29819        0.70482        0.40769 
H          4.43637       -0.67317        0.54468 
H          3.92567       -0.08328       -1.06219 
H          2.07825       -1.25452        0.94452 
C          2.67322       -2.45888       -0.66391 
H          1.79419       -3.09079       -0.52297 
H          2.83750       -2.31095       -1.73554 
H          3.54979       -2.95836       -0.23403 
1 imaginary frequency 
E = -673.8242359 
H = -673.516338 
G = -673.579682 
 
 
TS-28, implicit DMF (SMD) 
C          0.84700        2.09008       -1.40460 
C          1.05237        2.73170       -0.13493 
C          0.74223        2.10915        1.03930 
C          0.17138        0.76510        1.09087 
C          0.16108        0.03763       -0.20815 
C          0.36606        0.80870       -1.41429 
C         -0.24966        0.22800        2.27688 
A–74 
 
C         -0.72370       -1.20264       -0.30665 
C         -2.20670       -0.99733       -0.02456 
O         -2.70483        0.07432       -0.67151 
C         -4.10747        0.33118       -0.47602 
O         -2.88892       -1.73121        0.66658 
N          2.53927       -1.26244        0.19659 
C          3.66121       -0.30521        0.24324 
H          1.43839       -0.61051       -0.07576 
H          0.19375        0.30247       -2.36431 
H          1.07093        2.61823       -2.32744 
H          1.44423        3.74765       -0.11255 
H          0.85599        2.64386        1.98169 
H         -0.13262        0.78193        3.20627 
H         -0.71495       -0.74957        2.35054 
H         -0.39936       -1.99166        0.38105 
H         -0.65118       -1.61737       -1.32171 
H         -4.32756        1.22602       -1.06004 
H         -4.71104       -0.50816       -0.83289 
H         -4.32333        0.50935        0.58113 
H          3.42136        0.49038        0.95211 
H          4.58695       -0.80385        0.55107 
H          3.79722        0.12755       -0.75096 
H          2.39216       -1.65281        1.12919 
C          2.73549       -2.35448       -0.77416 
H          1.90916       -3.06368       -0.69104 
H          2.74769       -1.93202       -1.78281 
H          3.68154       -2.87665       -0.59186 
1 imaginary frequency 
E = -673.8519504 
H = -673.544554 
G = -673.607673 
 
 
NHMe2 
C          1.21323       -0.22271        0.02055 
N          0.00004        0.56567       -0.15020 
C         -1.21333       -0.22273        0.02057 
H          0.00002        1.32730        0.52513 
H          2.09014        0.42855       -0.05986 
H          1.27354       -0.76853        0.98237 
H          1.27705       -0.96722       -0.78266 
H         -2.09021        0.42825       -0.06213 
H         -1.27580       -0.96862       -0.78142 
H         -1.27439       -0.76678        0.98327 
0 imaginary frequencies 
E = -135.1628504 
H = -135.064546 
G = -135.095273 
 
 
NHMe2, implicit DMF (SMD) 
A–75 
 
C          1.21133       -0.22394        0.02034 
N          0.00004        0.57195       -0.15622 
C         -1.21144       -0.22396        0.02035 
H          0.00001        1.31423        0.54225 
H          2.09322        0.42218       -0.05413 
H          1.26064       -0.76262        0.98535 
H          1.27563       -0.97486       -0.77759 
H         -2.09328        0.42194       -0.05613 
H         -1.27450       -0.97608       -0.77650 
H         -1.26139       -0.76105        0.98615 
0 imaginary frequencies 
E = -135.1671672 
H = -135.06909 
G = -135.099859 
 
 
TS-29 
C         -0.18330       -1.31724       -1.47820 
C         -0.85237       -2.46795       -1.20432 
C         -1.29720       -2.70603        0.14178 
C         -1.00879       -1.84001        1.15583 
C         -0.24217       -0.61755        0.94008 
C         -0.03531       -0.23350       -0.49934 
C          0.13567        0.15776        2.00478 
C          1.10470        0.75500       -0.76925 
C          2.47596        0.22473       -0.38773 
O          2.91314       -0.86627       -0.68084 
O          3.18820        1.14374        0.31303 
C          4.50835        0.72813        0.69393 
K         -2.76512        0.96299        1.34195 
O         -2.09897        1.43698       -0.89894 
H         -1.03596        0.49489       -0.74143 
H          0.18361       -1.12780       -2.48486 
H         -1.03257       -3.21341       -1.97278 
H         -1.83190       -3.62758        0.36561 
H         -1.25631       -2.10818        2.18366 
H         -0.06385       -0.17913        3.02134 
H          0.78197        1.02224        1.90177 
H          0.92456        1.70991       -0.26906 
H          1.13529        0.96928       -1.84565 
H          4.93447        1.56812        1.24421 
H          4.46274       -0.16261        1.32643 
H          5.11240        0.50241       -0.18939 
C         -2.15362        1.75200       -2.24837 
H         -1.83023        2.79001       -2.46545 
H         -1.50473        1.09198       -2.86214 
H         -3.17279        1.64544       -2.67039 
A–76 
 
1 imaginary frequency 
E = -1253.743042 
H = -1253.489138 
G = -1253.555239 
 
 
29 
C         -0.07516        1.03457        1.68922 
C         -0.62849        2.26472        1.62956 
C         -1.06892        2.78545        0.35357 
C         -0.86569        2.10244       -0.80393 
C         -0.20872        0.79754       -0.82836 
C         -0.03651        0.11231        0.51912 
C          0.11501        0.21621       -2.01550 
C          1.09486       -0.92736        0.57132 
C          2.46965       -0.35024        0.29265 
O          2.89341        0.69753        0.72948 
O          3.20237       -1.17517       -0.49583 
C          4.53690       -0.72466       -0.77512 
K         -2.91831       -0.52067       -1.36228 
O         -2.29885       -1.63562        0.59036 
H         -0.98556       -0.54414        0.63701 
H          0.27532        0.63629        2.63860 
H         -0.72745        2.88125        2.51808 
H         -1.52225        3.77416        0.31869 
H         -1.10329        2.56815       -1.76056 
H         -0.07019        0.73886       -2.95285 
H          0.65651       -0.72094       -2.08424 
H          0.89231       -1.75942       -0.10660 
H          1.12303       -1.35866        1.58071 
H          4.97949       -1.49231       -1.41113 
H          4.51675        0.23877       -1.29173 
H          5.10922       -0.61630        0.15041 
C         -2.23753       -2.30868        1.78821 
H         -1.97519       -3.38532        1.68342 
H         -1.47596       -1.88827        2.48783 
H         -3.19258       -2.28709        2.35919 
0 imaginary frequencies 
E = -1253.743953 
H = -1253.486464 
G = -1253.554927 
 
 
A–77 
 
30 
C         -0.53978        1.66103        0.39046 
C         -1.59846        2.06700       -0.44540 
C         -1.74195        1.39369       -1.67826 
C         -0.93074        0.32424       -2.01001 
C          0.11082       -0.16861       -1.13866 
C          0.29424        0.59394        0.08447 
C          0.78529       -1.37346       -1.40711 
C          1.37735        0.18018        1.05038 
C          2.79327        0.43341        0.53979 
O          3.18128        1.45048        0.01325 
O          3.60582       -0.62527        0.79742 
C          4.96729       -0.45929        0.37529 
K         -1.70898       -2.03431       -0.01158 
O         -3.30871       -0.15353        0.83206 
H         -2.85534        0.64369        0.45980 
H         -0.36450        2.20226        1.32013 
H         -2.17913        2.95647       -0.21776 
H         -2.50533        1.71865       -2.38392 
H         -1.06602       -0.17354       -2.97016 
H          0.71082       -1.79029       -2.41123 
H          1.69134       -1.63627       -0.87053 
H          1.30533       -0.88425        1.32000 
H          1.28361        0.75707        1.98009 
H          5.47685       -1.38306        0.65299 
H          5.01676       -0.30344       -0.70580 
H          5.42582        0.39793        0.87642 
C         -4.39040        0.28440        1.64392 
H         -4.04782        0.91370        2.47703 
H         -5.13602        0.84474        1.06320 
H         -4.87438       -0.60465        2.05870 
0 imaginary frequencies 
E = -1253.772777 
H = -1253.513788 
G = -1253.583066 
 
 
TS-29, implicit DMF (SMD) 
C         -0.08350        1.84456        1.04141 
C         -0.67836        2.91758        0.45528 
C         -1.16691        2.79177       -0.89606 
C         -0.98250        1.65156       -1.61822 
C         -0.28415        0.49137       -1.07446 
C         -0.03980        0.51983        0.40736 
C          0.02458       -0.57139       -1.88159 
C          1.04003       -0.43115        0.92836 
C          2.42900       -0.17067        0.37190 
A–78 
 
O          2.91440        0.92511        0.17030 
O          3.10084       -1.32450        0.16335 
C          4.45949       -1.18650       -0.29489 
K         -2.66173       -1.78459       -0.98719 
O         -2.16727       -0.87615        1.22846 
H         -1.07763       -0.04836        0.83369 
H          0.30304        1.92224        2.05669 
H         -0.78045        3.86410        0.97934 
H         -1.65867        3.64482       -1.36018 
H         -1.29111        1.61270       -2.66215 
H         -0.23141       -0.54994       -2.94009 
H          0.61673       -1.41635       -1.54236 
H          0.76797       -1.47492        0.74867 
H          1.11969       -0.31973        2.01889 
H          4.83552       -2.20352       -0.41536 
H          4.49410       -0.65626       -1.25049 
H          5.06336       -0.64789        0.44098 
C         -2.28546       -0.76443        2.60202 
H         -1.99327       -1.68728        3.15034 
H         -1.65293        0.04681        3.02540 
H         -3.32037       -0.52999        2.92977 
1 imaginary frequency 
E = -1253.765015 
H = -1253.511875 
G = -1253.577769 
 
 
29, implicit DMF (SMD) 
C          0.02110        1.09856        1.63198 
C         -0.51085        2.33058        1.50158 
C         -0.98240        2.78090        0.20266 
C         -0.82145        2.02321       -0.91129 
C         -0.19495        0.70127       -0.86828 
C          0.02351        0.09578        0.51689 
C          0.06536        0.03570       -2.02210 
C          1.18440       -0.90832        0.59759 
C          2.53767       -0.33191        0.22850 
O          2.87902        0.82541        0.37401 
O          3.35651       -1.28981       -0.25363 
C          4.69363       -0.86920       -0.58667 
K         -3.01330       -0.63428       -1.40459 
O         -2.43876       -1.55253        0.72502 
H         -0.90586       -0.53570        0.69015 
H          0.39040        0.75645        2.59718 
H         -0.57579        3.00789        2.34924 
H         -1.42868        3.76967        0.12214 
H         -1.10442        2.41618       -1.88706 
H         -0.16960        0.48719       -2.98488 
A–79 
 
H          0.54946       -0.93585       -2.04924 
H          0.98830       -1.79000       -0.01775 
H          1.26783       -1.27496        1.63039 
H          5.20264       -1.76450       -0.94606 
H          4.67503       -0.10635       -1.36982 
H          5.20644       -0.47288        0.29406 
C         -2.57597       -1.86616        2.04459 
H         -2.52257       -2.96263        2.27018 
H         -1.79168       -1.41355        2.70684 
H         -3.54330       -1.53654        2.50590 
0 imaginary frequencies 
E = -1253.766972 
H = -1253.509736 
G = -1253.578111 
 
 
30, implicit DMF (SMD) 
C         -0.52536       -1.70156       -0.48800 
C         -1.56897       -2.21239        0.30739 
C         -1.76636       -1.62330        1.57282 
C         -0.99346       -0.55439        1.99703 
C          0.05672        0.02305        1.18843 
C          0.27426       -0.63631       -0.08982 
C          0.73449        1.18956        1.58000 
C          1.34390       -0.10689       -1.01290 
C          2.76842       -0.33635       -0.52062 
O          3.17731       -1.35041        0.00825 
O          3.56254        0.72122       -0.80002 
C          4.94924        0.57671       -0.43893 
K         -1.83084        2.06437        0.26663 
O         -3.33254        0.16709       -0.77959 
H         -2.89941       -0.67265       -0.51172 
H         -0.33097       -2.15427       -1.46050 
H         -2.14854       -3.07342       -0.01357 
H         -2.54363       -2.00809        2.23228 
H         -1.18016       -0.11764        2.97850 
H          0.62562        1.54462        2.60497 
H          1.62343        1.52997        1.05740 
H          1.22286        0.96874       -1.20494 
H          1.27976       -0.61241       -1.98613 
H          5.42884        1.51179       -0.73175 
H          5.05424        0.41982        0.63818 
H          5.40388       -0.26197       -0.97377 
C         -3.90708       -0.02282       -2.07379 
H         -3.14934       -0.29335       -2.82236 
H         -4.68225       -0.80075       -2.06063 
H         -4.37148        0.92165       -2.37068 
0 imaginary frequencies 
A–80 
 
E = -1253.797809 
H = -1253.539207 
G = -1253.606054 
 
 
TS-31 
C          2.75046       -0.81566       -0.49810 
C          3.30831       -1.78188       -1.44059 
C          2.88779       -3.07488       -1.50830 
C          1.95550       -3.55008       -0.51713 
C          1.53112       -2.75271        0.50043 
C          1.98731       -1.37601        0.66228 
C          1.64925       -0.66526        1.77999 
C          3.62328        0.40750       -0.20977 
C          4.76189        0.14551        0.76239 
O          4.81362        1.09406        1.73727 
C          5.86181        0.91521        2.69963 
O          5.55854       -0.76368        0.69052 
O          0.75474        0.41955       -1.70342 
C          1.07967        0.68229       -3.03281 
K         -1.08959        0.31061        0.25445 
O         -2.31477       -0.97419        2.35251 
C         -2.75303       -2.10525        2.14617 
N         -3.24971       -2.92838        3.10637 
C         -3.28185       -2.50770        4.49730 
C         -3.73851       -4.25627        2.78818 
O         -0.31880        3.04814        0.64208 
C          0.67201        3.15647       -0.09019 
N          1.52762        4.20968       -0.06843 
C          2.67968        4.26654       -0.95065 
C          1.34815        5.29509        0.88067 
O         -1.96270       -2.05111       -1.01960 
C         -1.12719       -2.27309       -1.90268 
N         -1.18990       -3.30628       -2.77919 
C         -0.14562       -3.52340       -3.76478 
C         -2.29004       -4.25237       -2.73809 
H          1.75822       -0.24768       -1.16843 
H          4.04093       -1.41317       -2.15764 
H          3.26967       -3.75368       -2.26602 
H          1.61910       -4.58512       -0.56067 
H          0.88647       -3.15959        1.27818 
H          1.02535       -1.11403        2.54973 
H          2.03425        0.32749        1.98757 
H          3.02458        1.24327        0.16313 
H          4.08742        0.73880       -1.14940 
H          5.76016        1.74131        3.40525 
H          5.75112       -0.04332        3.21397 
A–81 
 
H          6.84244        0.94280        2.21541 
H          1.16415        1.76794       -3.24664 
H          2.04867        0.23013       -3.32525 
H          0.32462        0.28586       -3.73907 
H          2.67614        3.39699       -1.61186 
H          2.65217        5.17559       -1.56565 
H          3.61416        4.26577       -0.37472 
H          0.93395        2.36706       -0.81713 
H          0.46793        5.07479        1.48510 
H          2.22670        5.38377        1.53228 
H          1.20748        6.24957        0.35680 
H         -0.25860       -1.61274       -2.04846 
H          0.65136       -2.79062       -3.62197 
H          0.28851       -4.52479       -3.64978 
H         -0.54368       -3.43416       -4.78462 
H         -2.99704       -3.91932       -1.97784 
H         -2.79412       -4.29758       -3.71203 
H         -1.92944       -5.25929       -2.48871 
H         -2.77013       -2.54512        1.13612 
H         -3.64588       -4.43274        1.71329 
H         -3.16108       -5.02457        3.31922 
H         -4.79413       -4.36364        3.07073 
H         -2.87145       -1.49942        4.55600 
H         -4.31158       -2.50857        4.87730 
H         -2.68115       -3.18456        5.11824 
O         -3.31493        1.71462       -0.55824 
C         -3.38999        2.92909       -0.38203 
N         -4.48405        3.68586       -0.66042 
C         -4.49558        5.11723       -0.42751 
C         -5.68347        3.07704       -1.21139 
H         -2.54537        3.50721        0.02612 
H         -3.53402        5.42839       -0.01054 
H         -4.66518        5.66627       -1.36332 
H         -5.28824        5.39292        0.28047 
H         -5.50010        2.00812       -1.32282 
H         -6.53887        3.23551       -0.54224 
H         -5.92224        3.51278       -2.19008 
1 imaginary frequency 
E = -2247.874218 
H = -2247.171594 
G = -2247.321905 
 
 
31 
C          2.79509       -0.19698       -0.37136 
C          3.67931       -1.12642       -1.15071 
C          3.61384       -2.46489       -1.02661 
A–82 
 
C          2.75001       -3.06093       -0.01895 
C          2.07057       -2.29495        0.86553 
C          2.14922       -0.83548        0.85548 
C          1.59663       -0.12259        1.86501 
C          3.44646        1.17613       -0.10772 
C          4.56831        1.14153        0.91117 
O          4.43825        2.13515        1.82770 
C          5.46788        2.17855        2.82647 
O          5.49069        0.35591        0.91758 
O          0.37902        0.61122       -1.88836 
C          0.74728        0.97277       -3.16172 
K         -1.27506        0.04978        0.03017 
O         -1.83690       -1.61985        2.17235 
C         -2.05397       -2.80050        1.89877 
N         -2.42458       -3.74622        2.80180 
C         -2.59650       -3.40473        4.20388 
C         -2.66354       -5.12027        2.40363 
O         -0.96284        2.85885        0.60402 
C         -0.09728        3.14260       -0.23677 
N          0.51606        4.35299       -0.31226 
C          1.51998        4.62499       -1.32564 
C          0.20331        5.41082        0.63212 
O         -1.42959       -2.50582       -1.24467 
C         -0.54596       -2.35493       -2.09960 
N         -0.14668       -3.32303       -2.96314 
C          0.92053       -3.08139       -3.91744 
C         -0.74361       -4.64519       -2.93435 
H          1.92080        0.04910       -1.04736 
H          4.33664       -0.67379       -1.89029 
H          4.21985       -3.11425       -1.65362 
H          2.69341       -4.14542        0.04822 
H          1.48541       -2.75598        1.65891 
H          1.05688       -0.62407        2.66476 
H          1.65850        0.95863        1.92982 
H          2.69675        1.90982        0.19537 
H          3.87915        1.53781       -1.05034 
H          5.20974        3.01309        3.47990 
H          5.49443        1.24274        3.39123 
H          6.44708        2.33993        2.36647 
H          0.54253        2.04535       -3.40475 
H          1.83669        0.83507       -3.37431 
H          0.22318        0.39972       -3.96420 
H          1.63011        3.75130       -1.97212 
H          1.22450        5.48295       -1.94424 
H          2.49075        4.85195       -0.86493 
H          0.24431        2.39079       -0.97858 
H         -0.54255        5.03054        1.33081 
H          1.10254        5.71218        1.18486 
H         -0.19374        6.29263        0.11182 
H         -0.02022       -1.38678       -2.20971 
H          1.26019       -2.04739       -3.82980 
H          1.77365       -3.74560       -3.72622 
A–83 
 
H          0.56965       -3.25416       -4.94363 
H         -1.53275       -4.64365       -2.18184 
H         -1.17163       -4.89722       -3.91337 
H          0.00563       -5.40677       -2.67925 
H         -1.95606       -3.18406        0.87098 
H         -2.49818       -5.22330        1.32798 
H         -1.98496       -5.80491        2.92957 
H         -3.69567       -5.42016        2.62877 
H         -2.37926       -2.34300        4.32262 
H         -3.62565       -3.60771        4.52706 
H         -1.91314       -3.99179        4.83085 
O         -3.82322        0.99072       -0.35736 
C         -4.05874        2.17814       -0.13896 
N         -5.28229        2.75789       -0.25462 
C         -5.48184        4.16819        0.01861 
C         -6.43644        1.97528       -0.66438 
H         -3.26673        2.87681        0.17541 
H         -4.53279        4.62148        0.31699 
H         -5.85527        4.69159       -0.87162 
H         -6.20723        4.31168        0.83038 
H         -6.10877        0.94840       -0.82788 
H         -7.21102        1.99503        0.11298 
H         -6.86466        2.37610       -1.59209 
0 imaginary frequencies 
E = -2247.879509 
H = -2247.172268 
G = -2247.325081 
 
 
32 
C          2.91757       -1.47393       -0.57211 
C          3.12610       -2.47635       -1.52718 
C          2.46739       -3.70700       -1.48579 
C          1.59632       -3.93683       -0.39892 
C          1.36518       -2.97257        0.56045 
C          2.00506       -1.67636        0.54460 
C          1.72909       -0.70317        1.51081 
C          3.71347       -0.19281       -0.63437 
C          4.85295       -0.13432        0.37750 
O          4.94595        1.09876        0.97282 
C          6.01764        1.22178        1.92028 
O          5.63719       -1.01988        0.62091 
O          0.53745       -0.43127       -2.13995 
C          0.70419       -0.40235       -3.54739 
K         -0.83724        0.44212        0.08646 
O         -2.42628        0.51444        2.33809 
C         -3.00319       -0.53452        2.62199 
A–84 
 
N         -3.64239       -0.77177        3.79768 
C         -3.66942        0.23833        4.84205 
C         -4.28582       -2.04314        4.06769 
O          0.02483        3.14172        0.00341 
C          1.12979        3.53096       -0.37934 
N          2.22734        3.67994        0.39094 
C          3.50216        4.10317       -0.16795 
C          2.19807        3.35018        1.81097 
O         -2.27763       -1.98802       -0.20442 
C         -1.70332       -2.70667       -1.02748 
N         -2.12297       -3.94008       -1.40535 
C         -1.36581       -4.73492       -2.35662 
C         -3.32952       -4.52069       -0.84537 
H          1.31696       -0.88560       -1.74108 
H          3.84286       -2.28103       -2.32603 
H          2.66696       -4.47552       -2.22671 
H          1.10054       -4.90313       -0.30294 
H          0.69908       -3.19350        1.39371 
H          1.15238       -0.98558        2.39084 
H          2.36667        0.16656        1.63287 
H          3.07784        0.69113       -0.48968 
H          4.19107       -0.09730       -1.62012 
H          5.95380        2.23853        2.31212 
H          5.90152        0.49273        2.72641 
H          6.98444        1.05848        1.43569 
H          1.57371        0.20075       -3.85046 
H          0.82262       -1.41069       -3.96834 
H         -0.19529        0.05300       -3.97273 
H          3.38759        4.30308       -1.23709 
H          3.85010        5.02112        0.32321 
H          4.25283        3.31777       -0.02999 
H          1.31248        3.80757       -1.43386 
H          1.19121        3.02598        2.07206 
H          2.90808        2.54401        2.01871 
H          2.46724        4.23289        2.40503 
H         -0.78891       -2.38068       -1.54053 
H         -0.43056       -4.22476       -2.59938 
H         -1.11525       -5.71176       -1.92412 
H         -1.94215       -4.90260       -3.27672 
H         -3.79031       -3.78186       -0.18929 
H         -4.03296       -4.78980       -1.64388 
H         -3.09587       -5.42666       -0.27056 
H         -3.04344       -1.38251        1.91983 
H         -4.17298       -2.70169        3.20245 
H         -3.83446       -2.53367        4.94019 
H         -5.35720       -1.90653        4.26633 
H         -3.13974        1.11805        4.47587 
H         -4.70379        0.50812        5.09116 
H         -3.17825       -0.13279        5.75074 
O         -2.73376        1.68365       -1.54277 
C         -2.82561        2.90900       -1.53413 
N         -3.86659        3.61292       -2.05405 
A–85 
 
C         -3.90697        5.06129       -1.99692 
C         -4.98821        2.92536       -2.67160 
H         -2.04117        3.54291       -1.08976 
H         -3.00709        5.43369       -1.49999 
H         -3.95456        5.49378       -3.00528 
H         -4.78379        5.40783       -1.43397 
H         -4.79630        1.85322       -2.62253 
H         -5.92138        3.15547       -2.14148 
H         -5.09950        3.23174       -3.71974 
0 imaginary frequencies 
E = -2247.893151 
H = -2247.185164 
G = -2247.337927 
 
 
KOMe.(DMF)4 
C          3.39959       -0.00445        0.48830 
O          2.08694       -0.00091        0.11448 
K         -0.19211        0.00820       -1.13173 
O          0.43633       -2.59848       -1.70481 
C          1.46420       -2.79917       -1.04758 
N          2.11456       -3.99300       -1.00362 
C          1.62222       -5.13579       -1.75221 
C          3.32588       -4.16424       -0.22462 
O          0.44941        2.61458       -1.69006 
C          1.47491        2.80791       -1.02693 
N          2.12863        3.99945       -0.97236 
C          3.33626        4.16235       -0.18589 
C          1.64298        5.14857       -1.71559 
O         -1.11219       -0.00400        1.56458 
C         -0.04530       -0.01260        2.19518 
N          0.03012       -0.02627        3.55325 
C          1.31327       -0.03585        4.23080 
C         -1.16709       -0.03139        4.37342 
H          3.57031       -0.01166        1.59823 
H          3.98584        0.87976        0.12562 
H          3.98431       -0.88499        0.11437 
H          0.92950       -0.00972        1.65678 
H          2.11657       -0.03021        3.48942 
H          1.42256        0.84665        4.87600 
H          1.41865       -0.93153        4.85824 
H         -2.03097       -0.02239        3.70818 
H         -1.20171       -0.92768        5.00703 
H         -1.19694        0.85212        5.02497 
H          0.73824        4.84966       -2.24578 
H          1.41369        5.98085       -1.03693 
H          2.39602        5.49016       -2.43815 
H          3.59481        3.21110        0.28606 
H          4.17614        4.47532       -0.82091 
H          3.19818        4.92213        0.59590 
A–86 
 
H          1.92125        1.99182       -0.42457 
H          1.91556       -1.98842       -0.44177 
H          0.71452       -4.83152       -2.27422 
H          2.36988       -5.47321       -2.48230 
H          1.39612       -5.97269       -1.07821 
H          3.58941       -3.21683        0.25227 
H          3.18994       -4.92884        0.55283 
H          4.16160       -4.47515       -0.86613 
O         -2.91254        0.01328       -1.47470 
C         -3.61420        0.00911       -0.46394 
N         -4.97321        0.01175       -0.46743 
H         -3.17565        0.00278        0.54637 
C         -5.73374        0.00670        0.76729 
C         -5.71061        0.01982       -1.71987 
H         -4.98947        0.02256       -2.53747 
H         -6.34981       -0.86907       -1.79700 
H         -6.34610        0.91212       -1.78775 
H         -5.04845        0.00073        1.61903 
H         -6.37239        0.89716        0.83873 
H         -6.37608       -0.88182        0.82917 
0 imaginary frequencies 
E = -1709.176972 
H = -1708.68381 
G = -1708.801901 
 
CBS-QB3 energies 
 
 
1a 
C         -1.33734        0.35438        0.05261 
C          0.05310        0.93391        0.15292 
C         -1.57889       -1.00635        0.24958 
C         -2.87963       -1.50296        0.19626 
C         -3.95131       -0.64748       -0.04819 
C         -3.71513        0.71135       -0.24738 
C         -2.41491        1.20684       -0.20212 
H         -0.74377       -1.67059        0.43054 
H         -3.05464       -2.56272        0.34537 
H         -4.96245       -1.03652       -0.08921 
H         -4.54162        1.38425       -0.44714 
H         -2.23719        2.26496       -0.36951 
O          1.01221       -0.09019       -0.09093 
H          0.18102        1.74484       -0.57388 
H          0.22064        1.35295        1.15421 
C          2.32053        0.22811        0.01534 
C          2.83545        1.43699        0.28885 
O          3.00494       -0.91275       -0.21031 
A–87 
 
H          3.90044        1.58925        0.35442 
H          2.20110        2.29356        0.44761 
C          4.42446       -0.84641       -0.17796 
H          4.77247       -1.85442       -0.39528 
H          4.80478       -0.15398       -0.93597 
H          4.78400       -0.53842        0.80938 
0 imaginary frequencies 
E = -537.762356 
H = -537.749773 
G = -537.802136 
 
SCF E = -538.8372566 
SCF E(DMF) = -538.850432 
SCF E(Xylene) = -538.8481111 
 
 
TS-1a 
C          0.56105       -1.19685        1.01672 
C         -0.80955       -0.54511       -0.83991 
C         -0.87690        0.84113       -0.48712 
C          0.22487        1.66461       -0.69638 
O          1.51572        0.93236        0.82331 
C          1.56974       -0.31309        0.64970 
C         -1.95351       -1.36696       -0.66929 
C         -3.05813       -0.88253       -0.01537 
C         -3.07776        0.44958        0.47816 
C         -2.01586        1.28449        0.25447 
O          2.57119       -0.86056       -0.12353 
C          3.68929       -0.01265       -0.39222 
H         -1.93462       -2.38577       -1.03871 
H         -3.92619       -1.51632        0.12849 
H         -3.94926        0.80762        1.01422 
H         -2.03745        2.30946        0.60883 
H          0.21936        2.68958       -0.35086 
H          0.96574        1.41242       -1.44141 
H         -0.01404       -0.87868       -1.49425 
H          0.68732       -2.25954        0.86101 
H         -0.18013       -0.85693        1.72288 
H          4.40823       -0.63545       -0.92306 
H          3.41403        0.84311       -1.01311 
H          4.13218        0.36041        0.53515 
1 imaginary frequency 
E = -537.716945 
H = -537.704587 
G = -537.754435 
 
SCF E = -538.7889 
A–88 
 
SCF E(DMF) = -538.8016643 
SCF E(Xylene) = -538.7994742 
 
 
Int-1a 
C          2.89765        0.17045       -0.63881 
C          1.91739        0.95506        0.10311 
C          0.65371        0.23451        0.57107 
C          0.83208       -1.26088        0.70131 
C          1.84068       -1.90550        0.09957 
C          2.86085       -1.17721       -0.64542 
C          2.10335        2.26356        0.34183 
C         -0.50653        0.53066       -0.41518 
C         -1.86368        0.10987        0.10876 
O         -2.79933        0.20822       -0.85828 
C         -4.14358       -0.12464       -0.46470 
O         -2.10940       -0.24252        1.23640 
H          0.34874        0.63804        1.54085 
H          0.07324       -1.79549        1.26008 
H          1.92103       -2.98521        0.16849 
H          3.62156       -1.74084       -1.17458 
H          3.69662        0.70441       -1.14332 
H          2.96901        2.78915       -0.04618 
H          1.40331        2.84232        0.93479 
H         -0.33317        0.05009       -1.38141 
H         -0.55312        1.60760       -0.61211 
H         -4.74992        0.01274       -1.35708 
H         -4.19626       -1.15829       -0.11957 
H         -4.48272        0.53464        0.33581 
0 imaginary frequencies 
E = -537.770952 
H = -537.758125 
G = -537.810136 
 
 
Prod-1a 
C         -0.79501        2.25809        0.37624 
C         -1.41583        0.89652        0.17547 
C         -2.71986        0.79346       -0.31730 
C         -3.32855       -0.44122       -0.52545 
C         -2.63172       -1.60893       -0.23517 
C         -1.33403       -1.52249        0.26041 
C         -0.71302       -0.28826        0.46738 
A–89 
 
C          0.69719       -0.26972        1.01303 
C          1.77817       -0.02221       -0.03028 
O          2.96311       -0.50665        0.40271 
C          4.08369       -0.28522       -0.47352 
O          1.63954        0.54412       -1.08387 
H         -0.78916       -2.43216        0.49341 
H         -3.09196       -2.57842       -0.38862 
H         -4.34158       -0.48771       -0.90939 
H         -3.26716        1.70290       -0.54345 
H          0.81950        0.51472        1.76907 
H          0.92878       -1.20958        1.51694 
H          4.93851       -0.73244        0.02882 
H          3.91256       -0.76132       -1.44003 
H          4.24386        0.78305       -0.62784 
H         -1.51285        3.04815        0.14919 
H         -0.46166        2.40418        1.40958 
H          0.07371        2.38879       -0.27317 
0 imaginary frequencies 
E = -537.822388 
H = -537.809496 
G = -537.861760 
 
 
2 
C          1.03889        0.50294        0.22638 
C         -0.43932        0.23296        0.09814 
C         -1.32698        1.29248       -0.09979 
C         -2.70012        1.06519       -0.16594 
C         -3.19906       -0.22920       -0.04535 
C         -2.31757       -1.29270        0.14246 
C         -0.94662       -1.06368        0.21751 
H         -0.94346        2.30232       -0.20758 
H         -3.37728        1.89762       -0.32154 
H         -4.26663       -0.40935       -0.10291 
H         -2.69889       -2.30399        0.23089 
H         -0.26027       -1.89022        0.35400 
O          1.77106       -0.56827       -0.36889 
H          1.30042        1.44874       -0.26283 
H          1.32611        0.58486        1.28404 
C          3.12396       -0.50804       -0.30334 
C          3.88960        0.44103        0.23688 
H          3.54950       -1.38525       -0.77846 
H          4.96419        0.32576        0.19962 
H          3.50115        1.32985        0.71420 
0 imaginary frequencies 
E = -423.395788 
H = -423.385709 
G = -423.431318 
 
A–90 
 
 
TS-2 
C          1.02910        1.37588       -0.40420 
C          0.05876        0.82846        0.49882 
C          0.23410       -0.54329        0.90542 
C          1.49245       -1.18247        0.67074 
C          2.42340       -0.58818       -0.13341 
C          2.17163        0.69246       -0.70936 
C         -1.11035        1.49995        0.80193 
O         -2.42559        0.40061       -0.56733 
C         -2.21674       -0.81593       -0.32030 
C         -1.03466       -1.47638       -0.67636 
H          1.68131       -2.15494        1.11086 
H          3.36707       -1.08375       -0.33286 
H          2.91075        1.13328       -1.36850 
H          0.85305        2.36500       -0.81299 
H         -1.29931        2.48726        0.40171 
H         -1.75484        1.17732        1.60648 
H         -0.37944       -0.91525        1.71563 
H         -0.93084       -2.53585       -0.46860 
H         -0.42131       -1.06614       -1.46827 
H         -2.90787       -1.35487        0.35547 
1 imaginary frequency 
E = -423.334190 
H = -423.324628 
G = -423.367350 
 
 
Int-2 
C          2.04502       -1.30930       -0.47523 
C          2.16886        0.02996       -0.56320 
C          1.22412        0.92782        0.09112 
C         -0.09702        0.32427        0.56564 
C         -0.01995       -1.16560        0.80715 
C          0.95942       -1.91551        0.28566 
C          1.49195        2.23388        0.24982 
C         -1.22192        0.61527       -0.47770 
C         -2.60165        0.30078        0.05155 
H         -2.83454        0.77329        1.03536 
O         -3.41995       -0.38398       -0.50543 
H         -0.38882        0.82478        1.49666 
H         -0.82891       -1.62460        1.36672 
H          0.96214       -2.99064        0.42832 
H          2.77991       -1.95722       -0.93989 
H          3.01305        0.47414       -1.08054 
A–91 
 
H          2.40204        2.67346       -0.14271 
H          0.81550        2.89769        0.77766 
H         -1.05604        0.06194       -1.40372 
H         -1.19762        1.68964       -0.70328 
0 imaginary frequencies 
E = -423.373273 
H = -423.362814 
G = -423.409026 
 
 
Prod-2 
C         -0.02849       -0.40045        0.39804 
C         -0.45307        0.91982        0.14306 
C         -1.77819        1.12796       -0.25012 
C         -2.67152        0.07041       -0.40037 
C         -2.24769       -1.23047       -0.15105 
C         -0.93265       -1.45579        0.24577 
C          0.47931        2.09754        0.30748 
C          1.40823       -0.69439        0.79158 
C          2.28908       -0.75994       -0.44640 
O          3.18544        0.00540       -0.69282 
H         -0.60179       -2.46910        0.45109 
H         -2.93303       -2.06334       -0.25941 
H         -3.69280        0.26430       -0.70847 
H         -2.11359        2.14165       -0.44374 
H          1.81886        0.05705        1.46773 
H          1.45461       -1.67054        1.28636 
H         -0.00339        3.01955       -0.02046 
H          0.76785        2.23059        1.35610 
H          1.40379        1.97660       -0.26190 
H          2.02596       -1.57809       -1.15266 
0 imaginary frequencies 
E = -423.428394 
H = -423.417983 
G = -423.463565 
 
 
4 
C          0.35406        0.30644        0.24138 
C          1.74454       -0.24136        0.31513 
C          2.79185        0.29424       -0.30138 
H          1.86356       -1.12322        0.93927 
H          3.78805       -0.11809       -0.19050 
H          2.69331        1.16824       -0.93814 
H          0.28510        1.11419       -0.49688 
O         -0.52813       -0.76307       -0.11533 
H          0.04556        0.70899        1.21667 
C         -1.85175       -0.47960       -0.18074 
A–92 
 
C         -2.46501        0.68649        0.02812 
H         -2.40240       -1.37617       -0.44453 
H         -3.54127        0.73300       -0.06648 
H         -1.94903        1.60029        0.28819 
0 imaginary frequencies 
E = -270.021061 
H = -270.013195 
G = -270.051905 
 
 
TS-4 
C         -1.30767       -0.44226        0.26789 
O         -0.55835       -1.34557       -0.24702 
C          1.29119       -0.92343        0.17895 
C          1.38577        0.38172       -0.30983 
C          0.72630        1.41244        0.32470 
C         -1.47559        0.80838       -0.29109 
H         -1.69617       -0.60387        1.28705 
H         -1.22129        0.97368       -1.32917 
H         -2.13288        1.53020        0.18243 
H          0.69737        2.40722       -0.10403 
H          0.49623        1.35387        1.38108 
H          1.70066        0.51977       -1.33971 
H          1.73703       -1.74437       -0.36630 
H          1.16582       -1.09314        1.24114 
1 imaginary frequency 
E = -269.975018 
H = -269.967969 
G = -270.004203 
 
 
Prod-4 
C          0.52344        0.21623        0.48926 
C         -0.59759       -0.30407       -0.43982 
H          0.60857        1.30415        0.39666 
C          1.85246       -0.42134        0.19515 
H          0.23935        0.00544        1.52772 
H         -0.73871       -1.38184       -0.33055 
C         -1.91590        0.38031       -0.16518 
H         -0.31736       -0.09554       -1.48022 
O         -2.93036       -0.18227        0.15764 
H         -1.89451        1.48966       -0.27391 
C          2.94279        0.23145       -0.19500 
H          1.89462       -1.50307        0.31264 
H          3.87416       -0.28600       -0.39500 
H          2.94547        1.30978       -0.32491 
0 imaginary frequencies 
E = -270.047457 
A–93 
 
H = -270.039321 
G = -270.079311 
 
 
3 
O          0.84635       -0.58815        0.06853 
C         -0.47146       -0.23405        0.02593 
C         -1.38180       -1.29562       -0.05634 
C         -2.74446       -1.04118       -0.10714 
C         -3.22417        0.27065       -0.07696 
C         -2.31798        1.32090        0.00336 
C         -0.94280        1.08132        0.05445 
H         -0.99219       -2.30618       -0.07851 
H         -3.43848       -1.87206       -0.17002 
H         -4.28911        0.46626       -0.11635 
H         -2.67415        2.34499        0.02624 
H         -0.25998        1.91800        0.11365 
C          1.83099        0.44002        0.20045 
C          3.16996       -0.21897        0.31832 
H          1.80385        1.11360       -0.66453 
H          1.61970        1.03120        1.10284 
C          4.22518        0.09783       -0.42313 
H          3.24335       -0.98575        1.08502 
H          5.18586       -0.38244       -0.27793 
H          4.16955        0.85215       -1.20223 
0 imaginary frequencies 
E = -423.393537 
H = -423.383390 
G = -423.428649 
 
 
TS-3 
C         -0.98487       -1.40438       -0.29274 
C         -0.02909       -0.73113        0.54860 
C         -0.30828        0.65206        0.86543 
C         -1.56995        1.22247        0.53278 
C         -2.46836        0.52224       -0.23004 
C         -2.16386       -0.80311       -0.64644 
O          1.06194       -1.27805        0.90161 
C          2.53812       -0.51574       -0.48680 
C          2.28786        0.82559       -0.30435 
C          1.08735        1.39765       -0.72311 
H         -1.80514        2.22484        0.87536 
H         -3.42053        0.96305       -0.50205 
H         -2.88890       -1.34665       -1.24379 
A–94 
 
H         -0.75704       -2.42347       -0.58510 
H          0.29484        1.10754        1.63977 
H          0.89169        2.44748       -0.54484 
H          0.52156        0.95103       -1.53175 
H          2.90438        1.37582        0.40023 
H          3.40826       -0.98758       -0.05039 
H          2.02185       -1.08151       -1.25032 
1 imaginary frequency 
E = -423.338564 
H = -423.329067 
G = -423.371702 
 
 
Int-3 
O         -1.04310        2.24117        0.00638 
C         -1.12932        1.02633        0.06792 
C         -2.39494        0.32156       -0.16499 
C         -2.45312       -1.02664       -0.19123 
C         -1.28140       -1.86058        0.02542 
C         -0.08923       -1.31089        0.29965 
C          0.10280        0.17138        0.42011 
H         -3.26247        0.94242       -0.35598 
H         -3.39904       -1.51889       -0.39648 
H         -1.39204       -2.93684       -0.04431 
H          0.78629       -1.93348        0.45446 
H          0.27203        0.38399        1.48946 
C          1.36163        0.68394       -0.33571 
C          2.64983        0.21800        0.27505 
H          1.30384        0.37634       -1.38427 
H          1.30625        1.77640       -0.31117 
C          3.56469       -0.53340       -0.33185 
H          2.82845        0.54117        1.30037 
H          4.48475       -0.82160        0.16403 
H          3.43110       -0.87697       -1.35340 
0 imaginary frequencies 
E = -423.379211 
H = -423.368904 
G = -423.414559 
 
 
Prod-3 
O         -0.91577        2.24528       -0.00875 
C         -1.08100        0.88415       -0.00851 
C          0.08159        0.09611       -0.04625 
C         -0.07431       -1.28994       -0.06179 
C         -1.33361       -1.88892       -0.03291 
A–95 
 
C         -2.47134       -1.09088        0.01167 
C         -2.34500        0.29606        0.02346 
C          1.44483        0.76594       -0.09835 
H          0.81441       -1.90999       -0.09787 
H         -1.42128       -2.96893       -0.04488 
H         -3.45809       -1.53917        0.03658 
H         -3.22953        0.92663        0.05523 
H         -1.77935        2.66658        0.04734 
H          1.38052        1.70843        0.45570 
C          2.56892       -0.05916        0.46294 
H          1.67459        1.04647       -1.13363 
C          3.65112       -0.43864       -0.21028 
H          2.46771       -0.34557        1.50856 
H          4.44053       -1.01510        0.25902 
H          3.78950       -0.17995       -1.25598 
0 imaginary frequencies 
E = -423.411682 
H = -423.401374 
G = -423.446725 
 
 
O          0.58344       -0.68717        0.00000 
C          0.00000        0.54026        0.00000 
C         -0.32566       -1.79778        0.00000 
H          0.30027       -2.68743        0.00000 
H         -0.96110       -1.77537        0.88743 
H         -0.96110       -1.77537       -0.88743 
C          0.98057        1.60238        0.00000 
O         -1.20507        0.70748        0.00000 
H          0.62636        2.62284        0.00000 
H          2.03916        1.38375        0.00000 
0 imaginary frequencies 
E = -267.321604 
H = -267.314785 
G = -267.351041 
 
SCF E = -267.8010818 
SCF E(DMF) = -267.8078125 
SCF E(Xylene) = -267.8053251 
 
 
C          0.00000        0.00000        2.39744 
C          0.00000        0.00000        0.99360 
C          0.00000        1.21625        0.25124 
C          0.00000        1.20960       -1.13135 
C          0.00000        0.00000       -1.83576 
C          0.00000       -1.20960       -1.13135 
C          0.00000       -1.21625        0.25124 
A–96 
 
H          0.00000        2.15730        0.79086 
H          0.00000        2.14884       -1.67347 
H          0.00000        0.00000       -2.91940 
H          0.00000       -2.14884       -1.67347 
H          0.00000       -2.15730        0.79086 
H          0.00000       -0.92688        2.95715 
H          0.00000        0.92688        2.95715 
0 imaginary frequencies 
E = -270.378058 
H = -270.371372 
G = -270.407114 
 
SCF E = -270.9839273 
SCF E(DMF) = -270.990962 
SCF E(Xylene) = -270.9914598 
 
 
C         -0.00006        0.44156        0.00002 
C         -1.22739       -0.19570        0.00000 
H          0.00007        1.52981        0.00008 
H         -2.15465        0.36277       -0.00015 
H         -1.29615       -1.27815        0.00008 
C          1.22745       -0.19574       -0.00001 
H          2.15453        0.36301       -0.00007 
H          1.29616       -1.27818        0.00001 
0 imaginary frequencies 
E = -117.009510 
H = -117.004722 
G = -117.034660 
 
SCF E = -117.2961285 
SCF E(DMF) = -117.2978191 
SCF E(Xylene) = -117.2982991 
 
 
C          0.00000        0.42811        0.00000 
C          1.05558       -0.52822        0.00000 
H          0.29744        1.49434        0.00000 
H          2.09533       -0.22250        0.00000 
H          0.80925       -1.58358        0.00000 
O         -1.19193        0.11405        0.00000 
0 imaginary frequencies 
E = -152.932841 
H = -152.928357 
G = -152.957762 
 
SCF E = -153.2168622 
SCF E(DMF) = -153.2235605 
SCF E(Xylene) = -153.2210105 
 
 
  
A–97 
 
8 Appendix B – Computational Data for Chapter 4 
The computational data (calculated at the B3LYP/6-31G(d) level of theory) is formatted as follows: 
 
XYZ Coordinates 
# frequencies 
SCF energy 
Enthalpy 
Gibbs Free Energy 
 
 
TS-10.24 
C         -2.24981        1.21088        0.32456 
C         -1.06661        0.91617       -0.45754 
C         -0.84462       -0.45900       -0.87347 
C         -1.87145       -1.40630       -0.70566 
C         -3.01617       -1.06063       -0.01190 
C         -3.19197        0.24505        0.53851 
C         -0.20134        1.90745       -0.83186 
O          1.82910        0.89147        0.99040 
C          1.70238       -0.39190        0.61737 
O          2.57856       -0.79116       -0.28667 
C          3.79823       -0.03178       -0.49519 
C          0.65985       -1.20039        0.98854 
H         -1.75311       -2.40580       -1.11105 
H         -3.80737       -1.79408        0.11555 
H         -4.09507        0.47002        1.09658 
H         -2.39229        2.22251        0.69392 
H         -0.36729        2.94224       -0.54492 
H          0.65232        1.70934       -1.47178 
H         -0.01512       -0.67067       -1.53928 
H          0.69645       -2.25018        0.73016 
H         -0.03197       -0.88346        1.75914 
H          4.37332       -0.62603       -1.20291 
H          3.57397        0.95137       -0.91303 
H          4.34068        0.07390        0.44685 
H          1.25331        1.08106        1.75070 
1 imaginary frequency 
E = -539.0155575 
H = -538.79348 
G = -538.845879 
 
A–98 
 
 
10.24 
C         -2.19193        1.21311        0.13664 
C         -1.30843        0.16693        0.47056 
C         -1.73084       -1.17305        0.34960 
C         -3.01722       -1.45838       -0.09637 
C         -3.88623       -0.41264       -0.42484 
C         -3.47606        0.92054       -0.30813 
C          0.04449        0.46354        0.93280 
O          1.01350        0.62909       -0.42044 
C          2.42509        0.43991       -0.22584 
O          2.64995       -0.87226       -0.16266 
C          4.02930       -1.29527       -0.06328 
C          3.19255        1.51790       -0.12680 
H         -1.05707       -1.98162        0.62378 
H         -3.34762       -2.48879       -0.17948 
H         -4.89209       -0.63724       -0.76710 
H         -4.16061        1.72476       -0.55802 
H         -1.86988        2.24647        0.23609 
H          0.21446        1.44666        1.36407 
H          0.56028       -0.33470        1.46298 
H          4.25570        1.43301        0.05757 
H          2.76479        2.50458       -0.24628 
H          3.99998       -2.38320       -0.08245 
H          4.59867       -0.91205       -0.91507 
H          4.46039       -0.94272        0.87830 
H          0.68103       -0.02535       -1.07575 
0 imaginary frequencies 
E = -539.0225225 
H = -538.797971 
G = -538.851453 
 
 
TS-10.25 
C          2.19718        0.88977        0.87249 
C          1.13746       -0.07408        1.02441 
C          1.14926       -1.24528        0.18460 
C          2.24172       -1.48993       -0.65580 
C          3.26984       -0.56164       -0.73618 
C          3.23864        0.64321        0.01557 
C          0.12968        0.11527        1.94537 
O         -1.72659        0.69690        0.28623 
A–99 
 
C         -1.55773       -0.29344       -0.57965 
O         -2.20489       -1.42918       -0.28877 
C         -3.42448       -1.35146        0.48118 
C         -0.66166       -0.27997       -1.61042 
H          2.27907       -2.40273       -1.24123 
H          4.12018       -0.75763       -1.38318 
H          4.05539        1.35203       -0.07659 
H          2.17748        1.79015        1.48043 
H          0.09853        0.99805        2.57708 
H         -0.60577       -0.65399        2.14812 
H          0.38711       -2.00310        0.32863 
H         -0.64168       -1.09930       -2.31653 
H         -0.07648        0.60601       -1.81782 
H         -3.79849       -2.37388        0.51869 
H         -3.23414       -0.98015        1.49031 
H         -4.15016       -0.70420       -0.01926 
N         -1.39546        3.12497       -0.67994 
H         -1.79480        3.18113       -1.61767 
H         -1.95585        3.74268       -0.09114 
H         -0.46435        3.53806       -0.73392 
H         -1.49543        1.63563       -0.11534 
1 imaginary frequency 
E = -595.6015674 
H = -595.339124 
G = -595.399178 
 
 
10.25 
C         -2.05618       -0.83511        1.07782 
C         -1.32153       -0.83384       -0.11461 
C         -1.85652       -0.19952       -1.24821 
C         -3.09890        0.43803       -1.18182 
C         -3.82208        0.43566        0.01741 
C         -3.30381       -0.20892        1.14261 
C          0.07183       -1.40242       -0.15698 
O          0.96928       -0.28991        0.11394 
C          2.33069       -0.45970       -0.00922 
O          2.84480        0.78734        0.10821 
C          4.27437        0.90392        0.09720 
C          2.96386       -1.61820       -0.20205 
H         -1.30657       -0.21941       -2.18703 
H         -3.51530        0.90841       -2.06826 
H         -4.79432        0.91727        0.06531 
H         -3.87125       -0.22899        2.06832 
H         -1.65422       -1.33306        1.95689 
H          0.22757       -2.16897        0.60816 
H          0.32459       -1.81553       -1.13873 
A–100 
 
H          4.03953       -1.65897       -0.29785 
H          2.42588       -2.55379       -0.26072 
H          4.48764        1.96325        0.24026 
H          4.71303        0.32015        0.91279 
H          4.67993        0.56871       -0.86300 
N         -0.12378        2.18794        0.24257 
H         -1.02786        2.00786       -0.21853 
H         -0.28401        2.51084        1.20147 
H          0.40452        2.89798       -0.27351 
H          0.41424        1.26975        0.24640 
0 imaginary frequencies 
E = -595.6418011 
H = -595.373924 
G = -595.434059 
 
 
TS-10.26 
C          1.35471       -1.86575       -0.81366 
C          1.52399       -0.46341       -1.05579 
C          2.75838        0.14669       -0.65443 
C          3.84376       -0.67117       -0.24742 
C          3.66286       -2.02678       -0.08886 
C          2.39904       -2.62557       -0.34833 
C          0.47078        0.32707       -1.50738 
O         -0.13787        1.19125        0.38668 
C          0.92117        1.71086        0.86387 
O          1.21597        3.02577        0.59847 
C          0.14495        3.82904        0.10411 
C          1.93400        0.98308        1.47332 
H          4.80750       -0.21423       -0.04203 
H          4.49090       -2.65116        0.23630 
H          2.27213       -3.69389       -0.19780 
H          0.38904       -2.31485       -1.02780 
H         -0.49835       -0.10369       -1.73444 
H          0.65541        1.32679       -1.88269 
H          2.94561        1.17859       -0.93264 
H          2.79949        1.49134        1.88172 
H          1.72225       -0.02344        1.80594 
H          0.54630        4.84179        0.03510 
H         -0.19254        3.49944       -0.88376 
H         -0.70980        3.81566        0.78956 
H         -2.17396        0.97863       -0.20990 
H         -1.13850       -0.56751        0.85645 
N         -2.92584        0.37468       -0.52318 
N         -1.85163       -1.27416        0.70337 
C         -3.02044       -0.86799        0.08752 
A–101 
 
O         -4.02930       -1.56700        0.02666 
C         -1.85536       -2.44050        1.56523 
C         -4.12897        1.01192       -1.02675 
H         -4.78781        0.23553       -1.41755 
H         -4.67941        1.56635       -0.25153 
H         -3.87009        1.70525       -1.83404 
H         -0.86873       -2.91619        1.55036 
H         -2.11080       -2.20118        2.60862 
H         -2.59985       -3.14195        1.18578 
1 imaginary frequency 
E = -842.5392409 
H = -842.198507 
G = -842.272729 
 
 
TS-10.26-dicoordinated 
C         -4.18869        1.70754       -0.17464 
C         -2.84624        1.98323       -0.15956 
C         -1.88671        0.99792       -0.56617 
C         -2.36360       -0.33763       -0.81280 
C         -3.76710       -0.56809       -0.92178 
C         -4.65417        0.42620       -0.59179 
C         -0.52333        1.25589       -0.54561 
O         -0.05226        0.22970        1.32756 
C         -0.53060       -0.92950        1.21362 
O          0.37135       -1.88813        0.78150 
C         -0.02211       -3.25773        0.75977 
C         -1.90227       -1.19405        1.28011 
H         -4.12267       -1.54421       -1.23957 
H         -5.72385        0.24382       -0.65346 
H         -4.90782        2.47270        0.10336 
H         -2.48738        2.96859        0.12663 
H         -0.15689        2.23384       -0.25081 
H          0.19845        0.60899       -1.03200 
H         -1.68133       -1.04453       -1.27422 
H         -2.30394       -2.19737        1.21092 
H         -2.51491       -0.45731        1.78188 
H          0.88214       -3.82958        0.54314 
H         -0.42471       -3.56825        1.73085 
H         -0.76760       -3.45486       -0.02098 
N          2.87023        0.90722        0.84991 
C          3.47158        2.03850        1.52599 
C          3.35329        0.48466       -0.36544 
N          2.57335       -0.50379       -0.96702 
O          4.36855        0.93439       -0.89321 
A–102 
 
C          3.14389       -1.23777       -2.08506 
H          4.50856        2.12039        1.19668 
H          2.96483        2.98896        1.29957 
H          3.44679        1.88431        2.61030 
H          3.63231       -0.52878       -2.75489 
H          3.89523       -1.98151       -1.77850 
H          2.34261       -1.75111       -2.62677 
H          1.93054        0.62909        1.12255 
H          1.97985       -1.04005       -0.34143 
1 imaginary frequency 
E = -842.5358139 
H = -842.194988 
G = -842.268202 
 
 
10.26 
C          3.16310        1.59783        0.25845 
C          1.93965        1.21657       -0.30153 
C          1.82136       -0.04829       -0.89401 
C          2.91252       -0.91645       -0.91663 
C          4.13513       -0.52558       -0.36350 
C          4.25977        0.73435        0.22212 
C          0.77637        2.17543       -0.29785 
O         -0.39907        1.48227        0.15263 
C         -1.58121        2.14211        0.09225 
O         -2.53796        1.21495        0.35993 
C         -3.88085        1.67138        0.49210 
C         -1.77399        3.44209       -0.17542 
H          0.86987       -0.36197       -1.31453 
H          2.80626       -1.89967       -1.36644 
H          4.98433       -1.20328       -0.38542 
H          5.20501        1.04282        0.66057 
H          3.25981        2.57431        0.72813 
H          0.97585        3.02658        0.36537 
H          0.57447        2.56994       -1.30336 
H         -2.76687        3.86611       -0.21881 
H         -0.94224        4.10816       -0.35346 
H         -4.46643        0.79412        0.76931 
H         -3.95535        2.43377        1.27568 
H         -4.25245        2.08128       -0.45469 
H         -2.00324       -0.73200       -0.51240 
H         -0.48480       -0.63237        1.09183 
N         -0.55153       -1.63292        1.23669 
N         -1.66272       -1.64312       -0.80000 
C         -1.01063       -2.38773        0.17513 
O         -0.85668       -3.60389        0.09150 
A–103 
 
C         -2.44875       -2.34125       -1.80289 
H         -1.90172       -3.23338       -2.11059 
H         -3.43511       -2.66169       -1.43385 
H         -2.59333       -1.68957       -2.67057 
C          0.37804       -2.21964        2.18494 
H          0.14012       -3.27978        2.28131 
H          1.42577       -2.12812        1.86329 
H          0.26631       -1.73445        3.16031 
0 imaginary frequencies 
E = -842.586264 
H = -842.242057 
G = -842.317971 
 
 
TS-10.27 
C          1.45184       -1.94932       -0.82772 
C          1.76421       -0.57066       -1.06234 
C          3.04759       -0.08829       -0.64123 
C          4.03722       -1.01020       -0.21541 
C          3.71827       -2.34095       -0.06154 
C          2.40619       -2.81027       -0.34556 
C          0.80354        0.32250       -1.52863 
O          0.25479        1.24176        0.35984 
C          1.35351        1.65407        0.85624 
O          1.78305        2.93025        0.59464 
C          0.80552        3.84169        0.09281 
C          2.27398        0.82762        1.48383 
H          5.03810       -0.65221        0.00749 
H          4.47337       -3.04497        0.27781 
H          2.17044       -3.86069       -0.20100 
H          0.45302       -2.30400       -1.06698 
H         -0.19688       -0.01181       -1.78108 
H          1.09196        1.30000       -1.89634 
H          3.34070        0.92098       -0.91068 
H          3.18007        1.24395        1.90762 
H          1.95543       -0.15339        1.80725 
H          1.31078        4.80702        0.02969 
H          0.44498        3.55025       -0.89895 
H         -0.05152        3.91664        0.77139 
H         -1.75430        1.30897       -0.14787 
H         -0.94027       -0.33915        0.85581 
N         -2.61867        0.84364       -0.40603 
N         -1.75869       -0.93306        0.74643 
C         -2.84314       -0.39390        0.12394 
S         -4.32366       -1.19608       -0.01332 
C         -1.79636       -2.18438        1.47949 
A–104 
 
C         -3.66016        1.64634       -1.02093 
H         -4.45475        1.90471       -0.30997 
H         -3.19921        2.56436       -1.39797 
H         -4.12182        1.10607       -1.85165 
H         -2.19500       -2.98465        0.85035 
H         -0.77279       -2.43079        1.77755 
H         -2.42827       -2.11968        2.37442 
1 imaginary frequency 
E = -1165.495856 
H = -1165.157133 
G = -1165.232276 
 
 
10.27 
C          3.25103        1.59662        0.27666 
C          2.03024        1.31269       -0.34353 
C          1.85322        0.07175       -0.97096 
C          2.88033       -0.87089       -0.96840 
C          4.10106       -0.57633       -0.35425 
C          4.28645        0.65973        0.26528 
C          0.92821        2.34008       -0.35614 
O         -0.28037        1.73111        0.13664 
C         -1.42159        2.46068        0.08398 
O         -2.42620        1.59727        0.39360 
C         -3.73724        2.13568        0.54780 
C         -1.54341        3.76255       -0.21121 
H          0.90272       -0.16495       -1.44088 
H          2.72408       -1.83586       -1.44176 
H          4.90178       -1.31088       -0.35578 
H          5.23107        0.89274        0.74921 
H          3.39365        2.55422        0.77267 
H          1.18705        3.19774        0.27679 
H          0.72982        2.71221       -1.37035 
H         -2.51033        4.24376       -0.24434 
H         -0.67803        4.37377       -0.42266 
H         -4.36633        1.30045        0.85737 
H         -3.74569        2.91625        1.31648 
H         -4.10677        2.54788       -0.39855 
H         -2.01486       -0.35239       -0.40998 
H         -0.46949       -0.31031        1.07743 
N         -0.49460       -1.31739        1.19785 
N         -1.78074       -1.29909       -0.69202 
C         -1.05269       -2.04527        0.19115 
S         -0.86026       -3.71635        0.03881 
C         -2.59065       -1.88477       -1.74571 
H         -3.41980       -2.48505       -1.34906 
A–105 
 
H         -2.99186       -1.06907       -2.35489 
H         -1.97959       -2.53777       -2.37293 
C          0.43767       -1.87572        2.16137 
H          0.00200       -2.75789        2.63543 
H          1.38560       -2.17231        1.69491 
H          0.63321       -1.11331        2.92099 
0 imaginary frequencies 
E = -1165.542784 
H = -1165.200573 
G = -1165.276929 
 
 
TS-10.28 
C          3.17967       -2.19868       -0.34702 
C          2.18974       -1.57940       -1.06980 
C          2.07890       -0.14953       -1.07889 
C          2.95311        0.60281       -0.22761 
C          3.99387       -0.05184        0.46576 
C          4.10083       -1.42696        0.41125 
C          1.08056        0.49798       -1.79901 
O         -0.33940        0.90583       -0.12649 
C          0.38336        1.53788        0.73386 
C          1.23246        0.91768        1.62712 
O          0.49109        2.89497        0.65089 
C         -0.50810        3.60142       -0.08514 
N         -1.72223       -1.48404        0.33426 
C         -1.40645       -2.84395        0.74868 
C         -2.95655       -1.02402        0.10870 
N         -4.02376       -1.83554        0.22972 
N         -3.11777        0.25461       -0.25466 
C         -4.40432        0.88150       -0.52788 
H          4.70097        0.53363        1.04500 
H          4.90204       -1.92999        0.94495 
H          3.28487       -3.27921       -0.37577 
H          1.50876       -2.16090       -1.68678 
H          0.38980       -0.06156       -2.42135 
H          1.11583        1.56803       -1.96114 
H          2.94749        1.68538       -0.29277 
H          1.79021        1.50274        2.34757 
H          1.17450       -0.15341        1.76317 
H         -0.23009        4.65373       -0.01884 
H         -0.53890        3.29351       -1.13454 
H         -1.49946        3.46101        0.36365 
H         -2.25722        0.80298       -0.31775 
H         -0.97585       -0.78083        0.25092 
H         -4.91511        0.40460       -1.37304 
A–106 
 
H         -5.05786        0.86744        0.35291 
H         -4.22206        1.92345       -0.79232 
H         -0.32017       -2.93640        0.78627 
H         -1.80371       -3.07247        1.74547 
H         -1.78072       -3.58074        0.02774 
H         -3.92248       -2.78695        0.54711 
H         -4.96051       -1.49499        0.07898 
1 imaginary frequency 
E = -823.0714703 
H = -822.705149 
G = -822.780101 
 
 
10.28 
C         -3.99912       -0.21595        0.81472 
C         -2.93331       -1.11740        0.76650 
C         -2.06861       -1.13783       -0.33602 
C         -2.28451       -0.23918       -1.39017 
C         -3.34491        0.66605       -1.34123 
C         -4.20461        0.67739       -0.23892 
C         -0.92705       -2.11491       -0.38750 
O          0.29861       -1.41985       -0.02828 
C          1.43919       -2.16458        0.02855 
C          1.56565       -3.47854       -0.17869 
O          2.44043       -1.28747        0.34311 
C          3.72773       -1.84170        0.64869 
N          2.24952        1.52554       -0.43086 
C          3.29984        2.18949       -1.19433 
C          1.23942        2.16179        0.17510 
N          1.19807        3.50785        0.17840 
N          0.26899        1.45873        0.76492 
C         -0.85395        2.05157        1.48419 
H         -1.62961       -0.26121       -2.25827 
H         -3.51397        1.34721       -2.17050 
H         -5.04137        1.36952       -0.20938 
H         -4.67471       -0.22156        1.66526 
H         -2.78405       -1.82267        1.58079 
H         -1.07818       -2.93535        0.32162 
H         -0.79423       -2.53541       -1.39053 
H          2.52793       -3.96667       -0.12307 
H          0.71350       -4.10007       -0.41118 
H          4.34826       -1.00068        0.96011 
H          3.64362       -2.56507        1.46498 
H          4.16402       -2.32252       -0.23305 
H          2.31160        0.51623       -0.28519 
H          0.25049        0.45324        0.58921 
A–107 
 
H          2.87378        2.84230       -1.96378 
H          3.97515        2.76974       -0.55239 
H          3.88888        1.42099       -1.69608 
H         -0.50561        2.66172        2.32489 
H         -1.49043        2.65145        0.82254 
H         -1.46360        1.23755        1.87509 
H          0.42319        4.00254        0.59237 
H          1.99242        4.05520       -0.11476 
0 imaginary frequencies 
E = -823.1185801 
H = -822.748349 
G = -822.823699 
 
 
TS-10.29-boat 
C         -3.56508        0.38229        0.52782 
C         -2.41668        0.36749        1.27880 
C         -1.34607       -0.53038        0.95283 
C         -1.45371       -1.31181       -0.24532 
C         -2.65287       -1.30450       -0.97872 
C         -3.69133       -0.47422       -0.59674 
C         -0.19862       -0.61111        1.72653 
O          1.31408        0.47258        0.18912 
C          0.58288        0.87221       -0.81052 
O          0.10046        2.13225       -0.73140 
C          0.70970        3.01295        0.22076 
C          0.15307        0.08980       -1.85646 
H         -0.66612       -2.02211       -0.46245 
H         -2.75300       -1.94544       -1.84940 
H         -4.61725       -0.47007       -1.16546 
H         -4.38711        1.03937        0.79564 
H         -2.31630        1.00534        2.15301 
H         -0.06541        0.02681        2.59509 
H          0.52866       -1.39699        1.58354 
H          1.79457        3.04818        0.08543 
H          0.27300        3.99288        0.02211 
H          0.48942        2.70800        1.24755 
H         -0.44375        0.54168       -2.63851 
H          0.59863       -0.87935       -2.01164 
B          2.41196       -0.68486        0.08977 
F          2.85440       -0.79656        1.38305 
F          1.74171       -1.84002       -0.32794 
F          3.34399       -0.25441       -0.80837 
1 imaginary frequency 
E = -863.2244001 
H = -862.996339 
G = -863.056892 
 
A–108 
 
 
TS-10.29-chair 
C         -3.63245       -1.12613       -0.60089 
C         -2.43831       -1.64069       -0.17037 
C         -1.53702       -0.84342        0.61514 
C         -1.84779        0.55217        0.78734 
C         -3.12970        1.03367        0.41038 
C         -3.99381        0.21442       -0.27786 
C         -0.33857       -1.35078        1.07656 
O          0.99358       -0.31571       -0.52984 
C          0.69264        0.93583       -0.49846 
O          1.51074        1.71472        0.23370 
C          1.33401        3.12952        0.20222 
C         -0.52099        1.36103       -1.02923 
H         -3.40832        2.05596        0.64857 
H         -4.96900        0.58723       -0.57964 
H         -4.32256       -1.74282       -1.16896 
H         -2.16501       -2.66988       -0.38604 
H         -0.02310       -2.36138        0.84063 
H          0.30080       -0.80475        1.75904 
H         -1.24729        1.12771        1.48378 
H         -0.80300        2.40524       -1.03575 
H         -1.01301        0.70594       -1.73451 
H          2.18520        3.54266        0.74409 
H          1.33434        3.50325       -0.82758 
H          0.40432        3.42839        0.70175 
B          2.45218       -0.95361       -0.11050 
F          2.24587       -2.28362       -0.37371 
F          3.35582       -0.33883       -0.92503 
F          2.60977       -0.68814        1.23065 
1 imaginary frequency 
E = -863.2180368 
H = -862.989973 
G = -863.049945 
 
 
10.29 
C          3.30491        1.14578        0.40498 
C          2.11796        0.64286       -0.13552 
C          2.06395       -0.69729       -0.54161 
C          3.18343       -1.51617       -0.40576 
C          4.37029       -1.00537        0.12715 
A–109 
 
C          4.42983        0.32795        0.53168 
C          0.92442        1.54539       -0.31926 
O         -0.23415        0.90275        0.22914 
C         -1.43179        1.47161       -0.01012 
O         -2.37175        0.57246        0.40976 
C         -3.73438        1.00183        0.42825 
C         -1.67679        2.67932       -0.53968 
H          1.13889       -1.09530       -0.94722 
H          3.13069       -2.55594       -0.71752 
H          5.24225       -1.64594        0.22947 
H          5.34651        0.73122        0.95370 
H          3.35090        2.18248        0.73147 
H          1.08377        2.50844        0.18284 
H          0.73682        1.74658       -1.38342 
H         -2.68415        3.03024       -0.70985 
H         -0.86836        3.34212       -0.81250 
H         -4.29669        0.17892        0.86558 
H         -3.83639        1.90448        1.03892 
H         -4.09606        1.19652       -0.58754 
B         -2.02371       -1.70244       -0.01793 
F         -3.33708       -1.90175       -0.07114 
F         -1.35772       -1.51771       -1.15162 
F         -1.37113       -1.95708        1.09985 
0 imaginary frequencies 
E = -863.2590655 
H = -863.027397 
G = -863.092904 
 
 
Int-37 
C          0.58177        2.50526        0.52822 
C         -0.64072        2.73980       -0.22422 
C         -1.48434        1.72671       -0.53697 
C         -1.20680        0.36334       -0.13276 
C          0.17998        0.04056        0.41195 
C          0.95507        1.25657        0.85546 
C         -2.16769       -0.59505       -0.25943 
C          1.01722       -0.72829       -0.67076 
C          2.27382       -1.32977       -0.07749 
O          3.40021       -1.05188       -0.42221 
H          2.09115       -2.07323        0.73222 
H          0.06517       -0.64631        1.26302 
H          1.87888        1.07855        1.40024 
H          1.18667        3.35897        0.82033 
H         -0.88835        3.75781       -0.51263 
H         -2.41803        1.92384       -1.05760 
H         -3.13342       -0.34709       -0.69199 
C         -1.98897       -1.93809        0.16462 
H          1.28682       -0.06298       -1.49536 
A–110 
 
H          0.40223       -1.55226       -1.05577 
N         -1.82698       -3.03835        0.51763 
0 imaginary frequencies 
E = -516.3859257 
H = -516.209544 
G = -516.259974 
 
 
TS-38 
C         -3.45585       -0.54339        0.58990 
C         -3.05870       -1.25183       -0.57853 
C         -1.73677       -1.30579       -0.94262 
C         -0.72660       -0.66018       -0.16030 
C         -1.15815        0.17196        0.93115 
C         -2.52496        0.13682        1.33590 
C          0.60695       -0.70684       -0.58801 
C          1.77841       -0.38964        0.24907 
O          1.78024        0.25575        1.28577 
O          2.89941       -0.92051       -0.29186 
C          4.11478       -0.63031        0.41187 
O          0.70907        1.24974       -1.46935 
C          0.26448        2.05616       -0.59341 
C         -1.09478        2.13347       -0.27558 
H         -2.82116        0.67652        2.23115 
H         -4.50024       -0.55166        0.89046 
H         -3.80765       -1.76986       -1.17115 
H         -1.43187       -1.86673       -1.82233 
H          0.83312       -1.26384       -1.49021 
H         -0.40694        0.53290        1.62029 
H         -1.44098        2.85194        0.46244 
H         -1.82852        1.74739       -0.97438 
H          0.97653        2.59529        0.05180 
H          4.90440       -1.12882       -0.15124 
H          4.28984        0.44859        0.44515 
H          4.07096       -1.01407        1.43498 
1 imaginary frequency 
E = -651.9819111 
H = -651.760348 
G = -651.813317 
 
 
38 
C         -0.57631        0.21465        0.53399 
C          0.91264        0.33980        0.26442 
C          1.84569       -0.07747        1.21763 
A–111 
 
C          3.21258        0.01261        0.95076 
C          3.65380        0.52200       -0.27141 
C          2.72331        0.93881       -1.22632 
C          1.35721        0.84441       -0.96372 
H          1.50319       -0.47163        2.17114 
H          3.93081       -0.30912        1.70010 
H          4.71805        0.59667       -0.47823 
H          3.06181        1.33765       -2.17883 
H          0.62901        1.17048       -1.69947 
C         -1.12688       -1.02131       -0.20409 
H         -0.74367        0.06730        1.60949 
O         -1.21302        1.39623        0.08146 
O         -0.78592       -2.14261        0.46187 
O         -1.75201       -0.99771       -1.23755 
C         -1.16747       -3.37701       -0.17206 
H         -0.81270       -4.16708        0.48987 
H         -2.25329       -3.42789       -0.28678 
H         -0.69983       -3.46008       -1.15648 
C         -2.54086        1.53263        0.38668 
C         -3.18785        2.68215        0.20955 
H         -3.03028        0.63892        0.77095 
H         -4.24426        2.74862        0.44077 
H         -2.68633        3.56124       -0.18126 
0 imaginary frequencies 
E = -652.0328591 
H = -651.808886 
G = -651.867433 
 
 
Int-38 
C         -2.97743       -1.31894        0.58019 
C         -2.31395       -2.38097       -0.15736 
C         -1.00812       -2.29038       -0.50836 
C         -0.20228       -1.13407       -0.16140 
C         -0.92534        0.09626        0.37337 
C         -2.32764       -0.17426        0.85243 
C          1.14884       -1.19405       -0.33616 
C         -0.97995        1.21077       -0.73232 
C         -1.31476        2.55796       -0.13256 
O         -2.29450        3.21546       -0.40799 
H         -0.57242        2.92081        0.61355 
H         -0.32430        0.51420        1.19030 
H         -2.82798        0.63441        1.38007 
H         -4.00483       -1.46642        0.90131 
H         -2.87889       -3.27572       -0.40594 
H         -0.51713       -3.11467       -1.01965 
H          1.58419       -2.09848       -0.75083 
C          2.10723       -0.15963        0.05522 
H         -1.71191        0.95900       -1.50464 
A–112 
 
H          0.01796        1.28739       -1.17772 
O          1.85731        0.94677        0.51748 
O          3.37955       -0.58794       -0.15267 
C          4.40716        0.34449        0.20712 
H          5.34836       -0.14711       -0.04167 
H          4.29978        1.27583       -0.35611 
H          4.36578        0.57329        1.27585 
0 imaginary frequencies 
E = -652.0219527 
H = -651.798132 
G = -651.854652 
 
 
TS-37.25 
C         -2.02961       -0.75383       -1.24533 
C         -3.23029       -0.91526       -0.59534 
C         -3.29991       -0.86167        0.82152 
C         -2.17020       -0.59826        1.56501 
C         -0.93484       -0.35911        0.91352 
C         -0.82891       -0.54078       -0.50393 
C          0.38793       -0.34308       -1.18477 
C          1.65512       -0.49491       -0.57836 
N          2.70518       -0.63546       -0.09425 
O          0.54888        1.80594       -1.03759 
C          0.25788        2.13823        0.15500 
C         -1.03897        2.05375        0.66108 
N          5.30594       -0.76792        0.60810 
H          1.07373        2.37035        0.86032 
H         -1.25029        2.34787        1.68468 
H         -1.87862        1.94559       -0.01586 
H         -0.02940       -0.29715        1.50805 
H         -1.97592       -0.81723       -2.32833 
H         -4.13311       -1.10505       -1.16782 
H         -4.25108       -1.03361        1.31623 
H         -2.21717       -0.55372        2.64864 
H          0.40081       -0.36196       -2.26990 
H          5.75250        0.13645        0.42548 
H          5.41223       -0.99940        1.60074 
H          5.77032       -1.48838        0.04604 
H          4.24798       -0.71806        0.34502 
1 imaginary frequency 
E = -573.2904526 
H = -573.062084 
G = -573.120481 
 
A–113 
 
 
37.25 
C         -1.96924        0.00917       -1.27201 
C         -3.22770       -0.57578       -1.12477 
C         -3.66017       -0.99109        0.13531 
C         -2.83494       -0.82190        1.25082 
C         -1.57455       -0.24518        1.10837 
C         -1.14385        0.17506       -0.15608 
C          0.22742        0.80345       -0.32697 
O          0.46375        1.74193        0.70314 
C          1.49288        2.64130        0.53754 
C          2.36883        2.71807       -0.46378 
C          1.27603       -0.25950       -0.27044 
N          2.05815       -1.11036       -0.20293 
N          3.92226       -3.09526        0.07008 
H         -1.63914        0.34547       -2.25199 
H         -3.87117       -0.69567       -1.99103 
H         -4.64244       -1.43961        0.25090 
H         -3.17603       -1.13538        2.23298 
H         -0.93833       -0.09598        1.97569 
H          0.30325        1.27810       -1.31491 
H          1.49633        3.32353        1.38070 
H          3.11105        3.50733       -0.44498 
H          2.38864        2.05130       -1.31884 
H          4.70882       -2.93021       -0.56674 
H          4.27002       -3.10828        1.03469 
H          3.50105       -4.00481       -0.14628 
H          3.18673       -2.31345       -0.04344 
0 imaginary frequencies 
E = -573.3389743 
H = -573.107162 
G = -573.167258 
 
 
Int-37.25 
C         -3.18361       -0.36928        0.79783 
C         -3.04507       -1.57741        0.00947 
C         -1.84085       -1.99408       -0.46844 
C         -0.63930       -1.24847       -0.20362 
C         -0.77370        0.14327        0.39176 
C         -2.11845        0.42463        1.00904 
C          0.58182       -1.79516       -0.52030 
C         -0.51026        1.21796       -0.72090 
C         -0.33351        2.61002       -0.13873 
O         -0.90304        3.59444       -0.54048 
A–114 
 
H          0.39692        2.67161        0.70313 
H          0.00708        0.28039        1.15483 
H         -2.21378        1.34428        1.58062 
H         -4.15629       -0.11971        1.20959 
H         -3.92977       -2.17939       -0.17848 
H         -1.75898       -2.93028       -1.01316 
H          0.63828       -2.76740       -1.00239 
C          1.81729       -1.19232       -0.23172 
H         -1.32085        1.23304       -1.45392 
H          0.42273        0.95945       -1.24185 
N          2.85947       -0.72199        0.00409 
N          5.40322        0.04605        0.45438 
H          5.44280        0.79787        1.14969 
H          5.93968       -0.75573        0.80073 
H          5.82565        0.37687       -0.41892 
H          4.36583       -0.24999        0.27835 
0 imaginary frequencies 
E = -573.3307772 
H = -573.10016 
G = -573.160852 
 
 
